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terms of the tolerable false-alarm rate and minimum probability
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rate and a specified probability of track establishment for
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PREFACE E

The analysis documented by this paper is one of several under-

taken in support of a study of the utility of a helicopter-borne
radar for long-range surveillance of moving targets (personnel and
vehicles) in conventional warfare. The study was performed under

IDA Task T-57, and the overall results are prasented in the following
document : '

ALARM System Performance Aralysis, IDA Study S-376, by
Robert D. Turner, Arthur XKrinitz, and Stanley Marder,
December 1971.

The context of the study is that of a conceptual surveillance radar

on a patrolling helicopter whose mission is to detect targets which

are difficult to distinguish from the background of clutter echoes.
Moreover, the application of the system output involves the commit-
ment of resources (and possibly other actions) in response to apparent
target detections. Accordingly, a major component of the study was

the determination of means for converting low-quality single-scan
detection data to high-quality tracks, recognizing that reactions to
false tracks would both be costly in themselves and would dilute

the application of resources to real targets.

The methods examined for achieving the high-quality system out-
put goal were based on scan-to-scan correlation of the radar output.
Correlation schemes of this general type are presently employed in
existing operational systems, such as the Navy E-2 airborne early-
warning and control aircraft. In general, however, the implementation
of these correlation techniques has been based on the assumption of
a far more benign natural interference (clutter) enviromment than is
the case for the system concept that was studied. For example, the
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E-2 automatic track-establishment equipment, used against aircraft
over water, is designed to operate with a false-alarm rate (per scan)
- which is three orders of magnitude less than would be experienced by
the study system concept. Other radars have, of course, been designed
and deployed for overland surveillance of personnel traffic, but these
radars operate from fixed platforms. For such systems, the problems
~of establishing tracks on real targets and suppressing false detections
“have generally been manageable by a human operator who can adapt to
the interference scene, this scene being relatively invariant over
many scans. By contrast, the study system concept would present the o
human operator with a continually changing background interference ) o
- scene, even if the detection data from the radar are stabilized by .
cqpversion to a fixed ccordinate system.

Accordingly, there was a serious question as to whether a human -
operator could deal with the problem, and there were no krown existing '
automatic detection schemes which could be relied upon to do the job.

In fact, there were no applicable theoretical results or experimental

data for performance estimation, although & 1955 paper by N. Wax was
partially relevant and provided considerable insight. The complica-
tions stemmed in part from:

?

3
o'
E

1. The high single-trial false-alarm probabilities (1 to 2

G
&
%
*

F
b

percent) that must be tolerated in realizing even a mediocre
single-scan probability of detection (0.8).

2. The presence, in the false alarms, of statistically recurrent
false detections from fixed points in the area under sur-
veillance; because of the motion of the radar platform, these
false detections are unlikely to be as consistent from scan

; to scan as would be the case for a fixed radar.

3. The possibly meandering character of the scan-to-scan motion
of real (personnel) targets.

4, The changing character of terrain and foliage maskirg,.again o
due to the motion of the platform,

iv
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The analysis documented in this paper deals in varying detail with
several kinds of automatic scan-to-scan correlation methods and was
undertaken to assess the capabilities and feasibility of such methods.

The findings of the overall study with respect to the utility
of the system concept were supported by analytically demonstrating
the exi§tence of realizable processing techniques, which can obtain
useful Erack—establishment performance against real targets, while
maintaining acceptably low false-track establishment rates. BAn im-
portant constraint on the utility of the system concept is exhibited
in terms of the minimum.number of scans which must be correlated to

achieve a satisfactory balance between the real-target-track-
establishment performance and the false-track-establishment rate.
‘Because the scan rate of the radar is limited by the requirement

for moving-target-detection processing, the rate at which the heli-
copter carrying the radar can patrol is constrained by the number of
scans which must be correlated. The impact of this constraint on
operational utility is discussed in the study referenced above. The
impact of the trade-off between false-target rejection and real-target-

e
s

R
8

track-establishment performance on the allocation of limited re-
sources and the net worth of the system is examined in fairly abstract
terms in this paper.

The problem of scan-to-scan correlation considered in this

analysis is encountered in many applications of both active and
passive sensors to surveillance missions. Accordingly, a conscious
effort has been made to discuss qualitatively some aspects of the
track-establishment problem which are beyond the immediate scope of
the main study, and to delineate processing concepts with the poten-
tial for adaptation to a variety of military surveillance missions.

Such missions include overland detection of aircraft, ocean surveil-
lance, and tactical warning; and the systems employed for these missions
may entail the use of sensor-to-sensor correlation as well as snan-to-
scan correlation. The sensors themselves may provide nonkinematic

data on a single-scan basis, or more complete kinematic data than the
simple two-dimensional position repcrt assumed in the analysis. The
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% concepts that are exposed here--filtering to remove recurrent false )

5 detections, scan-to-scan integration to enhance real target detect-

; ability, and the development of track data for estimating the rate o
3 % , and direction of movement of real targets--are important for all of e %
. these situations. It is hoped that these concepts and the evalua- ' i

g tion methods presented here will facilitate the realization of effec- ’

% tive surveillance capabilities in the future. - -
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ABSTRACT

The problem of extracting tracks of moving targets from sensor 5 '
E detections accompanied by a dense mixture of random false detections
" and recurrent false detections from stationary sources is examined.
Algorithms for removal of fixed-target detections and for track
establishment of moving targets are evaluated in terms of the toler-
able false-alarm rate and minimum probability of detection for re-
alizing a specified false-track-establishment rate and a specified

probability of track establishment for moving targets, within a

R BN S memd e st paeet ‘ gi-‘ | ——

specified number of scans of the surveillance senscr. Some opera-
tional implications are briefly discussed in the form of a constrained
resource allocation problem. Means for and benefits of multiple-
sensor correlation are considered, and the problems introduced in
attempting to provide surveillance of a mix of target types exhibiting -
sigrnificantly different kinematic characteristics are discussed.
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- Techniques for Data Handling in Tactical Systems (November 1968)., Not-

" tracks for moving targets which are detected by a mobile scanning

0.7 to 6.9 with single-trial false-alarm probabilities in the range

—

touched on this subject at the 15th AGARD Avionics Panel Symposium on

i detections per scan. In general, che task of track establishment is

I. SUMMARY =

‘The work presentec¢ here was undertaken in support of a study of
the potential utility of a tactical surveillance system employing a
helicopter-borne moving-térget—detectiOn radar. ‘The results of that
study are documented in a separate :publication.* It was fealized during. _
the effort that the problem of track establishment is of interest for )
many system applications; for example, several papers were given which

withstanding, there appears to be-very little theoretical work pub-
lished, beyond the 1955 paper of N, Wax (Ref 1).

The particular problem considered here was that of establishing

‘rqdar"in'a High-false-alarm—rate environment, . The class of radars - -
considered yields single-scan probabilities of detection in the range

0.005 to 0.02. Such a sensor can easily yield as many as 500C false

to reject false detections and to provide high-confidence reports on
real targets. By associating a number of detections of a real target,
the track-establishment process discriminates againét fal.e detections
and provides data on the position, rate, and direction of movement of
real targets. B

The basic problem is considered in two parts: suppression of
temporally correlated false detections, which result from the existence

1:R.D. Turner, A. Krinitz, and S. Marder, ALARM System Performance
Analysis, IDA Study S-376, December 1971,

1
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- of discrete sources whose locations are fixed in the surveillarnce .§
domain; and excraction of real-target tracks from thn background of 3
3

random false detections and residual temporally correlated false
detections. It is shcwn that conceptually simple slgorithms can be

3 employed to obtain 90 to 95 percent suppression of the temporally
e b 7 correlated faise detections; such techniques, hcwever, impose stringent :

X requirements on the quality of data stabilization and set a lower bound
| on minimum-detectable vrates of target metion (apart from any limita-
tions imposed by the surveillance sensor). Notwithstanding these
‘constraints and the added processing burden imposed by the use of

such techniques, distinct performance benefits result if the tem-

i porelly correlated false detections represent more than 20 percent

of the total false-detection input.

ke Two classes of real-target extraction procedures are considered:
run tests, which require an uninterrupted sequence (from scan tc scan)
3 of detections for track establishment; and a somewhat more general

3 class of recursive procedures which irpose a greater processing burden.
It is found that the differ=nce in processing burden for the two
classes is typically small compared to the total processing burden,

’qi and that the recursive techniques yield substantially better track-
establishment perfcrmance than the run tests.

- For the target and sensor parameters considered in this study,
integration of 12 scans of detection data can yield a 0.85 probability

R of track establishment for real targets with average false-track
Qﬁ‘ : establishment rates of one per minute, one per houvr, and one per day,
i if the single-scan probability of detection exceeds 0.71, 0.82, and

7,88, respectively. If 18 scans are integrated, the required values

for the single-scan prcbability of detection are 0.60, 0.69, and

0.74, respectively. The sensor false-detection parameters leading

to these results are 5600 false detections per minute, of which 2400

are tempcrally correlated false detections, and 3200 are random false

ét detections. Real targets are assumed to be constrained in maximum speed
4R to the extent that the location of the target on a given scan is with-

in a window w~crtaining 32 resolution cells centered on the location

2
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of the target on the previous scan. It iu alsc assumec that the ol
scan-to-scan motion of a real target is sﬁfficiently correlated that
the target location on a given scan is within a wincdow containing nine
resolution cells centered on a locatior predicted from the location
cdata obtained from the twc preceding detections of that target. The
target is also assumed to move at least from cne resolution cell to *
the next during a single scan period. Accordingly, the ratio of maxi-
mum to minimum target speeé¢ is S:1 for surveillance with no =orior in-
formation as the target heading, andé 12:1 for surveillance alog} &
known route. If greater variability requires a 5C percent increase in
window size, achievement of the afcrementioned track-establishment
performance reqguires 6§ to 8 percent increase in the single-scan prod-
ability of detection, or a 33 percent reduction in the False-detection
rate, ‘

An elementary model for determining the consequences of commit-
ting resources in response to the output of the surveillance system
output is give... The model reflects the effects of resource con-
straints, as well as the real-target track-establishment performance
and false-track-establishment rate of the surveillance system. It
is shown in a numerical example that realizablie track-establishment =
facilities can realize a net payoff which is 55 to 58 percent of
that which would be obtained from an unrealizable "perfect™ (no
missed real targets, no false tracks) system. However, the track-
establishment processing parameters must be fairly closely contrcllied,
reflecting the relative losses for committing resources against false
tracks, for not committing resources against real targets, and the
payoff for committing resources against a real target.

A review is given of some problems of multiple-sensor correla-
tion and of the advantages which can be realized from utilizing map
data and other inputs indicating preferred target routes. Finally,
& discussion is presented of the problems introduced by attempting
surveillance of multiple target classes, which exhibit great differ-
ences in speed. It is shown that somewhat more complex track-~

establishment processing techniques may provide answers to the
questions that are raised.
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data which are quite noisy, which is to say that they are obtained

\Y . . N
- {I. INTRODUCTION ;
¢ L : <‘
‘g - A. BRCXGROUND 7
¥ 3
.- The subject of thic paper is the problem of extracting meaning- e 'i
-3 ful descriptions (tracks) of moving cbjects, using surveillance sensor §
:
i

under conditions of relatively intense interference. RAs stated, the

problem is quite general end very bi>ad in scope, becsuse of the

R

variety of target types snd interterence phenomena; sensor mechanisms,

parameters, and modes of operation; and surveiilance Jdomeins.,

Targets mzy vary in size (& perameter meaningful only in the
context of the interference environment) from relatively small (per-

,.
!
A A b g M d e g e

sonnel) to very large (ships). They may move on trajectories govermned ~
- by physical laws or otherwise relatively predictable, which are some-
what random in character, or which are evasive in some sense. Theiw -

- speeds may range from slow (persannel) tc very fast (satellites and

. 1 . o .
I R R R Y ST Y L O PP L 7 v SR S I

a missiles), speed being a parameter which is meaningful only in the

context of the sensor parameters and requirements placed on the

-

tracking process.

The interference envirornment may arise from the intrinsic noise

.

of the sensor itself, or it may stem from external sources, localized -
or distributed, in the surveillance domain. Such external sources
may uccur naturally, may arise from the sensing process itself (clutter),

|- RPN

or may arise from intentional efforts tc. degrade the sensor performance.

4

The surveillance domain can be one-dimensicnal (targets moving
along known paths), two-dimensional (targets‘moving on the surfgce Qf
the earth), or three-dimensional (targets moving urderwater, in the
E air or in space). It can also be argued that the dig¢n§iggalitymof

.. . o

' > Preceding page blank
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2 the surveillance domain is specified ir part by the sensor character-
.isticss thus, a passive IR search set report: detectiors of objects .
S; _ moving in three-dimensional space in terms of a two-dimensional co-
3 ordinate system. A pencil-beam coherent p&lséd radar, on the other
E hand, may include range rate as well as range, azimuth, and elevation
3 in its detection report, and it may be c¢ssential that the tracking

9 process be viewed in the context of a surveillance domain of more
b then tiree dimensions.

The sensors themselves may be active or passive, in the latter
instance relying on effects generated by the target itself, or ex-
Q} ternal sources. The physical mechanism employed for conveying the
g existence of the target to the sensor may be seismic, acoustic, or

electromagnetic in character, or, conceivably, a combination of these.

The detec' ‘on system which provides inputs to the track-estaeblich-
ment and tracking process may consist of a single sensor, or of several

sensors. The total surveillance domain may be observed simultaneously,

4 or elements may be examined “u time secuence. In the first instance,
E: the observation [rocess may be continuous or intermittent in character
i? {sampling). The second instarce is usually referred to as scanning.
é Some sensors employ combinations of these, e.g., sampling in one dimen-

sion of the surveillance domain, and scanning to cover the other
3 dimensions.

2 In the empioyment of multiple sersors, the track-establishment
“and tracking prollem is influenced by the degree of similarity of the
sensors, and whethor the coverages (coverage being that portion of the
/ surveillance domain perceived by a sensor) of the sensors overlap,

are contiquods, or cdisjoint (the last implying a requirement to
interpolate or extrapolate the motion of the target between the
coverage demains of the irdividual sensors).

F The intent of the discuss.on just presented is to illustrate the
ff manifold character of the surveillance process. To the authorc' knowl-
Si edge, there is no comprehensive theory of this process. The surveil-

9 lance probiems which motivated the study reported here involved a

q . 6
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combination of sensor parameters, target characteristics, and inter-
ference environment which appeared to preclude the application cf 3

Nl

routine anslvtical methods, forcing the authors tc acquire an admit-

tedly embryonic understanding of the general problem. Wwhile it is
believed that the study results have immediate utility for the

o ki N

applications which motivated the study, it is also hoped that they
will illuminate part of the path toward a general theory and better
understanding of the surveillance process. 3

B. GENERALITIES AND SPECIALIZATION

As an initial step in formulating the general surveillance problem,
a model of the sensor system which supports the surveillance function
will be described. An individual sensor provides a sequence {Ri} of
(apparent) detection descriptions, or reports each of which contains,
at least in part, a partial kinematic descriptor. In general, Ri =
(X5
and Ci contains nonkinematic information which describes the apparent

Ci) where Ki is the kinematic description of the apparent target,

target in other ways (size, color, irradiance, etc.). The report Ri
is an indication that the sensor may have observed a target of interest
at a location (or one of a set of possible locations) implied by the
geometric component Gi of Ki, and which is moving on a trajectory (or
one cf a set of possible trajectories) implied by the dynamic component
D, of K- Thus, the kinematic component of the report can be written
as K; = (Gy, Di)’ and the entire report can be written as Ry =
(Gy, Dy3 C4)e

Associated with each of these components of the report is a
resolution cell which can be written ARi = (AGi, ADi; Aci), the com-
ponents of which are measures of the uncertainty in the true value of
the component, given that the report corresponds to a real target.

The kinematic component of the report will be referred to as
geometrically complete if it implies the location of the suspected
target at a unique »oint in the surveillance domain, given known

o

ke 7
-
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ﬁ constraints on the trajectory of the target. This does not necessarily

mean that the geometric component Gi provides such location explicitly.

3 The kinematic component of the report will be referred to as dynami-
cally complete if it (with known constraints) implies that the target
is moving on a unique trajectory in the surveillance domain. In
general, there may not exist a dynamically complete kinematic descrip-
tor for a target. The simples* example of a kinematically complete
descriptor would be three orthogonal Cartesian coordinates and the

. corr ~sponding velocities of a particle moving in the absence of external
forces.

TR P R NV SRR o W

The kinematic component of the report will be referred to as
geometrically sufficient if the data (together with known constraints

TRV TV RN RO S e ) NI T

[AET 7

on the target motion) imply the location of the apparent target within

the resolution cell AG that would be obtained with the next report on

that target. This definition is somewhat vague, in that the terms

"within™ and "next report" have not been defined; it is hoped that

the reader will be indulgent in such instances. There is an obvious

extension of the concept of geometric sufficiency to kinematic

sufficiency. é

It is assumed that the density of real targets in the surveillance
domain is such that the possibility of a compcsite report, based on '
the observation of two or more independent unresolved targets, can be
ignored. (The notion of independence can be described in a negative
sense; if a number of targets move along similar trajectories and are
individually unresolved by the sensor, then they will appear to be a
single target to the sensor. Such targets are not independent.)

In general, the objective of the tracking process is to extract g
EI a surveillance-oriented description of real targets of interest, while !
g discarding false reports and reports on targets of no interest. An

: important phase of this process is the association of the reports re- |
sulting from multiple detections of a target. The manner in which .
this is accomplished hinges critically on the extent to which the §
reports are complete or sufficient, in the sense just described.

¢
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The first function of the associction process is tc establish
the track of a real target in such a manner that false reports are
unlikely to lead to (false) established tracks.v_‘hen this is done,
the target kinematic description available from the track may be more
complete or precise than that available from an individual report.
Having established the track, the second function of the association
process is to associate subsequent reports on the target with the
track; this cperation may be facilitated by the improved target de-
scription available from the track history. -

It will be noted in passing that there can be a dual interaction
between the kinematic and nonkinemstic components of the ZJetection
report. First, the nonkinemstic components may facilitate the task
of report association. Conversely, the aggregation (via track estab-
1ishment) of the sequence of nonkinematic descripters cof s tarset may
permit inference of a more precise nonkinematic descripricn.  The
development of a track also assists in the associatizn of reports from
lissimilar sensors, thereby prcviding a more comprehensive nonkine-

matic description of a target than is available from a single sensor.

As was implied earlier, the report sequence from a sensor will
Jenerally contain faise detections. The occurrences ¢f false detel-
tions can manifest different kinds of correlation as the sensor re-
peatedly samples or scans its surveillance domain. One source of
false detections is the self-noise of the sensor, and is generally

independent from sample to sample or from scan to scan.

If a particular location in the surveillance domain persistently
yields a higher false-detection rate than would be obtained from
independent false detections alone, the false detections can be de-
scribed as temporally correlated. This is meant to convey the notion
that certain geometric resolution cells are not only likely to produce
a significantly higher probability of multiple false reports over
several scans than would be the case for independent false detections,
but -iat the likelihood that one resolution cell exhibits this properly
is independent of whether other resolution cells are so affected.

9
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Another type of temporal correlation arises when there are interference

sources that can cause time-related false detections from multiple
Sensors.

The notion of spatial correlation in false detection reports
arises when the occurrence of a false report from one geometric resc-
lution cell influences the likelihood of obtaining false reports from
other (usually adjacent) cells. Finally, some sources of interference
can exhibit both temporal and spatial correlation (noise jamming of
radar being one example); the statistical description of such situa-
tions can become quite complex.

The specific problem considered in this paper deals with a scanning
sensor which provides detection reports on apparent targets moving on
the surface of the earth. The detection reports contain only geometric
(apparent target location) data. The interference environment is
assumed to result in a superposition of two kinds of false-detection
sequences. The elements of one sequence are independent within a scan
and from scan to scan, meaning that the occurrence of a report from
a particular geometric resolution cell does not influence either the
probability of obtaining false reports from other resolution cells,
or the probability of obtaining a false report from the same resolu-
tion cells on subsequent scans. The elements of the second sequence
are temporally correla.ed, and can be thought of as arising from a
spatial distribution of discrete interference sources in the surveil-
lance domain. Thus, the presence of such a source in one resolution
cell is assumed not to affect the likelihood of there being such a
source in other resolution cells, but does result in substantially
higher probability of obtaining a false report on a scan-to-scan basis
than would be the case for the independent source. Insofar as the
reports obtained during a single scan are concerned, there is no dis-
tinction between g report stemming from the independent sequence, one
arising from a fixed, discrete interference source, and a report re-
sulting from detection of a real target.

10
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With regard to the targets which are to be tracked, it is assumed
that the real targets reported by the sensor will move at a speed
whith is equal to or greater fhan some minimum speed, and which is
less than or equal to a maximum speed. it is further assumed that
the real targets are moving purposefully, meaning that the path of a
target is such that the target will eventually go from its present
location to a definite destination. Thus, while the path may exhibit
some meandering characteristics, it will also exhibit a preferred'di-
rection toward an objective; it is assumed that neither the direction
nor the objective is known to the surveillance system beforehand. A
final characteristic to be associated with real-target reports is
that they will only be obtainable over a finite time period, which
can be termed the target exposure time. This constraint on the sur-
veillance process can arise for several reasons. First, the target
may be masked from the sensor during portions of its excursion; thus,
the exposure time is limited by the time the target is not masked.
Second, the sensor itself may be moving, so that the target is within
the field of view of the sensor for a f{inite time. Finally, it may
be essential to detect the target at some time before it reaches its
destination; the available exposure time will then be limited by the
time required for the target to traverse from the perimeter of the
surveillance domain to its objective, less the advance notice required.

The foregoing discussion presumes that whatever steps can be taken
to discriminate between interference and manifestations of real targets
on a single-observation basis have been taken. Because the sensor is
assumed not to extract dynamic data at the time the observation is made,
the information to be reported on an apparent target detection is the
location. The task of the track-establishment process is therefore
one of exploiting the data obtained from several scans to suppress the
false reports and to associate the reports from real targets into tracks.
In addition to providing a substantially higher confidence indication
as to the existence of a target, the track may indicate the objective
of the target. This indication of the objective would be inferred
from the representation of the target path in the form of the associated

11
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location reports exhibited in time sequence. Conversely, such a rep-
resentation of a false track may not exhibit a definite direction or

trend of movement which would be associated with a purposeful excur-

sion. 'Thus, the representation of a track affords a possiile means
for discriminating against false tracks; however, this possibility
has not be explored in detail.

Some other features of the specific problem will be mentioned.
First, the presence of temporally correlated interference and mini-
mum target speed constrains the scanning rate for "simple" track-
establishment schemes; reports of slowly moving real targets will
not be distinguishable from the reports from fixed interference
sources on the basis of successive scans unless the targets move
from cne resolution cell to another in the interim. The implied re-
quirement (which is not mandatory, but simplifies both the analysis
and realization of the track-establishment processor), together with
the minimum target speed specification, sets an upper bound on the
scanning rate. Taken with the finite exposure time, the scan-rate
limit sets an upper bound on the number of observations of real
targets that are availeoble to establish their tracks.

A further complication arises from a stipulation that the proba-
bility of obtaining a report on a real target on a particular scan
(i.e., the single-scan probability of detection) is significantly
different from unity. For the purpose of analytical simplification,
it is assumed that this probability does not change for &
during its excursion through the surveillance domain.

arises from consideration of two factors.

given target
The stipulation
First, the target may be
masked from the sensor at the moment that the sensor is examining the
region (subset of the surveillance domain) in which the target is
located. This soucrce of degradation is assumed to be independent from
scan to scan. The second factor results from the fact that it is fre-
quently impossible to establish detection criteria in the sensor which
simultaneously achieve good suppression of interference and yield a
high probability of real-target detection. A compromise must therefore

12
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be adopted which realizes a useful balance between the rate of false
detection reports and the probability of obtaining a report on a real
target. In many instances, this compromise forces a lower probability
of real-target detection than would otherwise be desired.

C. MOTIVATION AND OBJECTIVES

The problem which motivated the work reported here is that of
éxtracting meaningful surveillance information from the target-
detection reports generated by an MTI radar on an elevated platform.
The PPI photograbhs of Fig. 1 provide an illustration of the diffi-
culties involved. These show the output of a high-quality tower-
mounted radar. Figure la shows the ecuivalent of unprocessed video;
the display was generated by modulating the clutter return so that
it would be passed by the Doppler processor. Figure 1b shows Doppler-
processed video takeﬁ a few minutes later, and exhibits an atypically
low blip count. Approximately 2 percent of the radar resolution
cells have apparent targets in them,

The processed radar output can have contributions from the
following sources:

(1) Discrete (Fixed) Targets

These result in apparent moving-target detec-
tions which repeatedly appear in the same res-
olution cells from scan to scan with a prob-
ability significantly higher than the fraction
of cells which exhibit detections on a single
scan. They may be due to strong, fixed scatters,
but insofar as further processing is concerned
the consistency of their appearance in particular
resolution ceils (temporal correlation) is their
most significant characteristic,

¥
The authors are indebted to the Harry Diamond Laboratories
for these pictures.,
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Randam -Cluttep ...

The spatial correlation of detgctions

stemning from MTI~-processed clutter re-

“turns has not been-established.* ‘In this

' analysis, ‘it is "dssumed that clutteér de-
"teetions rot associated with discrete.

~ elutter”are statistically independent from
ongpegolution cell to another within a
~scan and from scan to scan,

(3) Rebeiver Noise

Assuming that good engineering design
successfully minimizes the effects of non-
random sources within the radar receiver,
it appears to be reasonable to expect that
false detections due to reteiver noise are
statistically independent within the scan
and from scan to scan.

(4) Purposeful Motion

The direction of motion of targets of in-

terest is normally correlated over several
scans. It is this motion which the radar

system is designed to detect.

In some MTI systems, the problem of discrete clutter has been
attacked by a technique (discrete-target blanking) .. desensitizing
the radar for those resoluticn cells which exhibit returns much
stronger thah the averaje. It is assumed that even if this feature
is included {n the sensor, there will be a residual component which
leads to false detections exhibiting the scan-to-scan correlation
properties of discrete clutter,

wDr. R. H. Pox has pointed out that enhancement of post-
processing clutter levels due to wind may exhibit t.mpcral-
spatial correlation characteristics in the form of moving
patches of higher levels., Clusters of "biological? clutter
(birds, insects) may also exhibit spatial correlation.

18

R ST T,




AP R RPN

N

The obJectlves of thls paper, Insofa: as the motlvatlng problem
is concerned, are to' - | '

K ("2

o~

(l) demonetrate the ex15tence of track-
establishment techniques which will .
permit the extraction of seful moving-
target surveillance information under.
high false- detectlon rate condl*lonsf

(2)  establish’ contralnts or requlrements on- :
o the:sensor operation which are imposed
-~ : by the track-establishment fﬁnctionﬁ_‘

; - (3)_.de11neate the effects of parameters of
" .the track-establlshment technlqae on its -
: performance. : =

L

With regard to the first point, a typical value cf the probability of
obtaining a false detection from a single resplution cell on a siigle
scan would be 0.02, with half of the falce detections arising from
discrete sources and the other half arising from random clutter and
receiver noise. Tt is ant1c1pated that under these conditions, a
31ng’e scan probability of detecting.a real target. in the range of
"0.7 to 0.9 can be obtained. Thus, the processor will be exposed to
about 2000 false detections per 100,000 resolution cells observeg by
the senaor, and can expect an average of 7 to 9 detection reports on
_a.realrtarget in 10 scans.

with regard to the second point, the primary constraint imposed

(apart from requiring the lowest possible false-detection rate an?
the hichest pessible probability of detecting & real target) stems
- -~ from the number of scans required to achieve satisfactory track- -
. V eetablishment performance. Given the scan-rate limitation mentioned

earlier, this requiremeht implies a minimum target exposure time, and
~ constrains the application of the system to regions sufficiently

free of features whivh would mask the target, and constrains the

rate of modement of a sensor on a moving platform (for given sensor

coverage).
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= The perfcfmaﬁce of..the track-establishment processing technique -
" "is specified in terms of three interdependent factors: o
(13 the probability thet real target tracks -
) . are detected,
L ' (2) the rate at which false t‘acks are estab-
< lished, and -
(3) the uumber of scans requlred to make a
. decision regar” ‘ng the presence of a
track. — )
* The reLatlve 1mportant .attached-to +hese factors is strongly )

% ) dependent upon the\system application, and reflects the penalties
g - associated with reacting to false tracks and failing to detect real -~

e ' targets. 3
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% IIX. TRACK-ESTABLISHMENT PROCESSING
¢ ~ A. CONCE®TS
B Ed
. we . . . . - .
E The track--establishment processing technijues considered here
e exploit the jurposeful movement of real targets of interest, in order
5;’ “to separate the detections of such targ~ts from false detections.
E - Thus, the only data® employed by the processor are the loce zicns, and
- & ocourrence timed-associated with the apperent target detections. This
. approach is realistic, because in many ~actical situeticnz, the loca-
"gn tion data constitute the only basis available for discriminaticn.

4 ; Thre¢ concepti&l schemes will now be dis<cussed.

1. Time Compression

The time-compres ion technique involves thre storage of apparent
target detections from a number of scans; these are diéblayed to a
human operator in rapid time sequence. Tracks are established on the
basis of the op.ratcr’s perceptirm of spparently correlated sequences

T

of detection. Success has been claimed for thic technique in dealing
with aircraft targets, which exhibit virtuaily rectilinesr motion oveér

g e

T several svan periods, in a false-devection :nvironment containing a

piacs

I B Gy ey gy P e

preponderance of discrete sources (temporally correlated clutter).
It is not clear how well the technique would serve against targets
which exhibit meandering trajectories, or in a false detection en-

Phoasas

vironment which gives rise to a significant number of false detections
that. a.'e independent from scan to scan. The time-compression tech-

nique is relatively easy to implement, bul wAas not considered further

oo uie M

in tkis study, bhecause:
“There are certain minor exceptions to this remark; in par-
ticular, the fslse Jetection rate estimated by the processor

will be employed .r control of the decision thrishol-is.

‘Preceding page blank
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a. it does not appear to lend itself to the
use of discrimination clues other than the
location sequence alone;

b. it does nct appear to have a potential for

multiple-sensor data integration, particularly

for dissimilar sensors or sensors which provide

their reperts asynchronously.
In the context of this study, these two reasons suggest that the time-
compression technique has limited growth potential. Perhaps the most
important reason for discarding the technique in this study is that it
was not possible to determine quantitatively the performance available
from using the technique, especially including the effects of operator
fatigue and 3 changing interference enviromment. In many situations,

a skilled and nighly motivated operator who is familiar with the sur-

veillance domein can sometimes detect moving targets under incredible
conditions. (See Ref. 1 for a discussion of operator capebilities.)
However, it is by no means obvious that the particular display tech-
nique employed has much effect on his performance.

2, 3patial Templates

A seccnd "echnique 1s to use templates or spatial filters, which,

figuratively speaking, consist of masks with apertures corresponding

to possible target trajectories over a predetermined period of obser-
vation. The template is scarned over the stored detections from a
number of scans. Track establishment is based on a determination that
the number of apparent target detections falling within the aperture

of the template exceeds a predétefmined.threshold, i.e., that the number
is significantly greater than would be obtained from false detections

alone.

The practical shortcoming of the template approach stems from
the difficulty in synthesizing and using enough different apertures
to account for different target trajectories. This number increases
multiplicatively with the nunber of possible target trajectories over
the period of observation. 1. - technique appears not to be useful
except for instances in which the target metion is severely constrained,

€.g., moving along a kncwn route or in a knuwn direction. Another
20
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shortcoming of the technique stems from the fact that it dces not take
into account the tire order in which the apparent target detections
appear. This factor introduces a quite significant collapsing loss
or, equivalently, a substantial increase in the false-track establish-
ment rate, over that wiich would be obtained using a technique which

takes the order of detections into account.

For these reasons, the template approach was not considered fur-

ther in this study.

|"

3. Recursive Techniques

A class of techniques can be envisioned in which the time-orderirg
and spatial filtering features of the two preceding techniques are com-
bined. The template is, in effect, generated recursively, using time-
ordered sequences of detections which have already been asso-~iated.

The track-establishment technique examined in this study is an
extension of recursive scan-to-scan correlation methods that have
been employed previously in a variety of applications, ranging from
airborne early warning radar to.seismic systems for infiltration

detection. The basic concept was apparently first described in the
open literature by Nelson Wax (Ref. 2), and has the presently incon-
testable advantage that it is both realizable in practical form and
analytically tractable, Three factors distinguish the present effort

. L e el PR, o Oy Ty NS
L ia s i T e

from previous studies:

s
Rrar

1. The false-detection .ate that must be tolerated in
the present context substantially exceeds (by two or
more orders of magnitude) the false-detection rates
which have been assumed in previous endeavors. This
imposes a substantial burden for achieving an effi-
cient processing scheme, both in a statistical sense

ap gy v Tt

and in the sense of hardware utilization.

et F i O D) .\.w‘;_ i e

i

2. The false detections are assumed to stem from two
sources, one of which is temporally correlated (tend-
ing to produce recurrent false detections from dis-
crete points in the surveillance domain), and the
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other being independent from scan to scan and from
point to point within a single scan. The burden
for efficient processing suggests the necessity of
exploiting the different statistical characteristics
of the two sources. This point ic further complica-
ted by the fact that the sensor may be on a moving
platform.

3+ This factor arises from the characteristics &ssumed
for the tacget trajectory. In earlier works, it has
been customary to assume that the location of the

.(,ﬂ;-‘-__\_v,_ topt T

target on the next scan can be inferred with good
? accuracy (e.g., within one or two resolution cells)
- from prior data.* 1In the present work, the target
is permitted to meander to some extent, so that its
location on the next scan can only be coarsely in-
ferred from its location on the previous scan and
its general direction and speed of movement.

Figure 2 presents a block diagram of the overall track-establishment -
@ processing concept. Incoming data from the sensor and its platform are
stored in a buffer. The quantized radar data consist of a sequence of
ranges at which apparent targets were detected. These are derived from

s st

the radar processor as an ordered sequence within a readout sweep; ths
3 readout sweep rate is determined by the radar antenna azimuthal reso-
lution and the antenna scanning rate; thus, for a resolution of 0.5

? degree and a scanning rate of 4 degrees/second (360 degrees in 90 sec-
onds), a readout rate of the order of eight range sweeps per second
would be used., Within each sweep, the radar processor reports the
ranges at which apparent target detections occurred. For the present

x »
3 Target-trajectory smoothing algorithms which are consistent
for constant~velocity targets or for constant-speed targets
moving on trajectories with constant radii of curvature have
3 been implemented.
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context, the expected number of such reports per sweep is the single-
trial false-detection probability multiplied by the number of range-
resolution cells in the sweep., The platform data consist of the
instantaneous platform pcsition in the coordinate system employed by
the processor, and the instantaneous antenna (azimuthal) pointing
angle.

PLATFORM DATA emmeee

v

QUANTIZED RADAR DATA=—ebl oo

STORAGE

Jr 2 4

COORDINATE | BEACON AND RADAR DATA ‘
CONVERSION

BEACON & STATUS DATA sy

2 : 4

_ _ N FIXED-TARGET
MANUAL CONTROL =—b SENSOR e PROCESSOR
.
TRACK - MAINTENANCE DATA
MANUAL CONTROL ==b{ ESTABLISHMENT CONDITIONER [
PROCESSOR " THRESHOLD'
h
ADJUSTMENT

< LMANUAL INPUTS

DISPLAY EACON REFORIS 1 LmOTHER SENSOR DATA

FIGURE 2. Track-Establishment Processor Concept
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Also shown as an input are beacon and status data, which are in
; the same general format as the detection reports. The beacon data ’
' pertain to cooperative targets and are assumed to be essentially free - é
cof false reports; however, they must be associated with radar detec- '
tions of the same targets. The status data input reflects the fact

;. that the radar may inhibit detections in certain range bins (discrete
E target blanking), and may be capable of sensing portions of the sur-

{ veillance region which are masked by terrain. The status data, there-

fore, provide the processor with an indication as to when not to expect
detection reports.

The radar date obtained from buffer storage are converted to the
fixed coordinate system employed by the system and are then sent to
the fixed-target processor and to the track-establishment processor
; after being subjected to a censoring operation. The fixed-target

processor identifies individual resolution cells or somewhat larger
localized areas which exhibit persistent detections. The censoring
operation serves to remove these detections from the input to the
track-establishment processor. The output of the fixed-target proc-
essor is also sent to the data conditioner, to facilitate track
maintenance when targets are moving through areas which contain fixed
targets. A more detailed discussion of the fixed-target-removal
process will be presentad subsequently.

The track-establishment processor associates returns obtained on
a number of scans, using a recursive algorithm which will be discussed
below, to determine whether the detections exhibit the characteristics
of purposeful movement. When the criteria for track establishment
are met, the history of the returns forming the track are automatically
E displayed for the operator.

The data conditioner performs a variety of functions. As has
already been noted, it can use fixed-target data to maintain track
while a target passes through regions which have been censored by the
fixed-target-removal process. It can use radar status data to deter-
mine terrain masking and high clutter conditions, and can modify the
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track-establishment processor to accommodate to these conditions.
In addition, it can accept inputs from other sensors for processing
and beacon signals and map deta for direct display. Also, the data

.conditioner can estimate the false detection rate on the basis of

detection reports which are not associated with eventual target
tracks, thereby providing a basis for control of the track-
establishment threshold.

Finally, the data conditioner permits the entry of detection re-
ports from other sensors (which can be employed to assist or augment
the treck establishment process) and manual inputs which indicate
regions of special interest (in which, for example, lower track-
establishment thresholds might be employed).

Under normal conditions the history of target detection reports
which led to track establishment are automatically displayed to the
operator for verification as a purposefully moving target. In addi-
tion, the operator can interact with the processor in a variety of
ways. He can enter sensor data and reference data manually. He can
modify the parameters of the track-establishment processor and also
the rules for holding tracks which passed the threshold for automatic
establishment; he can modify the fixed-target processing; and he can
vary the display mode.

In the following sections an expanded discussion of the fixed-
target and track-establishment processing functions is given. The
data conditioning functions are not as easily generalizable, and
therefore require more specific definition to warrant detailed de-
scription. The buffer storage, coordinate conversion, and display
functions are not sufficiently novel to require additional analysis
in this paper.

B. FIXED-TARGET REMOVAL

The discussions presented here deal with the problem of false
detections that persistently occur from fixed locations in the sur-

veillance domain, i.e., temporally correlated false detections. A
representative value for the fraction of the resolution cells seen

25
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by the sensor which exhibit such behavior would be 1 percent, which
is comparable to the random (i.e., independent from scan to scan) false-

“detection rate. It will be seen subsequently that the false-track-

establishment performance of the processor is quite sensitive to the
total false-detecticn rate at the processor input. Thus, expioitation
of the temporal correlation of fixed-target detections to reduce their
rate to a small fraction of the random false-detection rate can result
in a substantial reduction of the false-track-establishment rate, or
an increase in the sensitivity of the processor for real-target
detections.

Such detections can arise in an MTI radar from two sources:
fixed targets. which exhibit phase modulation, caucing the fixed tar-
get return to be passed by the Doppler processor in the radar; and
very strong fixed reradiators whose returns are modulated by the
operation of the radar itself. One example of a target of the first
kind would be a windmill; trees which librate under the influence of
strong winds and clusters of insects or birds may also be a source of
fixed-target detections. The second type of fixed-target detection
results from targets such as buildings which give rise to abnormally
large radar echoes; if such echoes are modulated by virtue of the
radar scanning process, platform motion, or sources within the radar
itself, then the side-bands introduced may be accepted by the Doppler
processor and thereby produce false detections which persistently
recur from scan to scan.

For a stationary radar the removal of fixed-target returns is
straightforward., In principle, it need be done only once, since (by
defin’tion) fixed targets do not change their location. In practice,
changes in the environment can cause variations in the locations
which consistently yield false detections. The determination of fixed
targets must then be repeated at a period appropriate to these changes.
If this period is long compared to the time required for track-estab-
lishment processing, then the same processor can be time-shared be-
tween the two tasks, with track establishment processing foresworn
during the times of fixed target removal. This would substantially
reduce the digital processing capability required of the system.

26

SRR O
T R S R FYRLRN R DA AR My MR SR o el




e. T T T g BRI R e S L Arnieb SEhE AR et L b alerte L 0t o I R ETRITEOR (W e R NS =~

1. Mobile Sensor Implications

If the sensor is on a moving platform, two kinds of complications
for the fixed-target-removal process arise. First, the spatial dis-
tribution of fixed targets in the surveiliance domain may change, be-
cause the target characteristics may be sspect-dependent. That is,
the sensor may be subject to temnorally correlated false detections
when viewing the fixed target from some aspects, but not from others;
in addition, the apparent location of the fixed target as seen by the
sensor may charge with aspect. For a radar, the first effect occurs
when the target produces strong echoes because of a concavity which
acts like a corner reflector; when the concavity is masked from the
radar by other parts of the target, its back-scattering cross-section
is diminished and the likelihocd of temporslly correlated false de-
tections is reduced. The second effect arises when the fixed target

P

has a large vertical extent; the multipath or range fold-over struc-
ture exhibited by such a target depends on aspect, and the apparent

location of the target can shift, especially as the range from the
radar to the target changes.

The second complication arises from the need to stabilize the
apparent-target detection reports obtained from the sensor, that is,
to convert the location data from the moving coordinate system of the
sensor to the fixed coordinate system employed by the track-establishment
processor. The coordinate conversion process depends on knowledge of

the position of the sensor platform, and, for radar at least, the an-

tenna pointing angle. For the purpose of fixed-target removal, it is
desirable that the scan-to-scan location uncertainty of an apparent
target (in the fixed coordinate system) due to the coordinate-conversion
§i; operation be less than the uncertainty due to the sensor resolution.

j If this requirement is not met, then fixed-target detection reports will
appear to exhibit motion when displayed (figuratively or actually) in

§~5 the trach-establishment processor. For a high-resolution sensor, this
remirement can be quite severe. For rac.., the uncertainty in position
of the sensor platform in the fixed coordinate system must be¢ less than
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the range resolution of the radar, and the pointing angle of the radar
antenna must be known with an accuracy which is better than its angu-
lar resolution.-
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In any event, the consequences of these factors are that fixed

A ' targets can give rise to recurrent false detections, but the occurrence
] of such a report on a given scan is not certain; and that the loca-
tions associated with such reports, as seen by the track-establishment
processor, will wander. The first consequence suggests that an effec-
tive rule for removal of fixed-target detections will not demand a
unity probability of obtaining a detection report; the second conse-

IR

quence sets a minimum value on the distance which a real target moves
from scan to scan if its track is to be established in the fixed-
target-removal context.

In what follows, it is assumed that the migrations of the apparent
location of fixed targets can be confined to a single geometric reso-

lution cell of the sensor. The implication of this assumption for real
targets (for the class of track-establishment algurithms considered
subsequently) is that a real target must move from scan to scan by a
distance at least equal to the sensor resolution slong the direction
of movement. For an MTI radar that rejects returns that cdo not ex-
hibit apparent range rates above a threshold, the scan-to-scan move-
ment requirement can be satisfied by choosing the scan period large
enough to ensure that a real target exhibiting the minimum-detectable
range rate would move a distance at least equal tc the radar rsnge
resolution.

2, Fixed-Target Removal Algorithms

The techniques considered in this study for the removal of tem-
porally correlated false detections have the following general fea-
tures., The locations associated with new dc*ection reports are com-
pared with previously established locations of apparent sources of
temporally correlated false detections. If a new detection report

falls within a suitably defined neghborhood of a fixed-target location,
; it is censored from the data stream employed for track-establishment

: 2
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per gg,vand is used to update the history associated with the fixed
target with which it was correlated. FPixed targéts are established
- ;. in the fixed-target-removal processor when a sufficient sequence of
\ ;ﬂ ‘ new detection reports fall within a common neighborhood, and are
dropped from the fixed-target-removal processor catalog when tha
location is no longer within the sensor field of view, or when an
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insufficient number of new detection reports have occurred to justify
its continuance.

e e B )

x%

The issues which must be addressed in considering the fixed-
target-removal process are:

E:
v

a. when is the processor burden for fixed-target removal
justified;

i 7 S A SRR A BN AW S SR o
%

b. what criteria should be employed for maintaining

apparent fixed targets in the catalog;

LN
. S

c. how should the dimensions of the association neighbor-

PERIPH ERN

- hood or correlation window be selected.

With regard to the first question, it will be noted that presence
of fixed-target false detections in the input to the track-establishment

- processor forces the use of more stringent track-establishment criteria,
- or the acceptance of higher false-track-establishment rates. 1In the
- first instance, the consequence is one of reducing the probability of

establishing tracks on re&l targets, or diminishiny the class of real
% targets for which a specified probability of track establicshment can i
? be achieved. A brief examination of results to be presented subse- ;
? quently indicates that for typical parameter values of the track- :
* establishment process, the effects of false detections due to fixed-
+ target returns are ignorable if they are spatially uncorrelated and
+ constitute less than 15 percent of the total false-detection input to ?

the processor. Conversely, such {alse detections will require a sig-
nificantly higher single-scan probability of detection for a specified
track-establishment probability, »r yield a significantly higher false-
track-establishient rate, if they amount to more than 35 percent or

the total false-detaction input tc the processor. For example, if

—
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35 percent of the false detections can be removed by the fixed-target-
removal process, the mean false-track-establishment rate can be re-
duced from one per hour to one per day for a given track-establishment
threshold.

These remarks do not fully answer the first question, of course.
A conclusive answer ¢ only be obtained by examining typical false-
detection statistics for which the origins of temporally correlated
false detections are known or can be ascertained, and by consideration
of the processor burden imposed if fixed-target removal appears to be

warranted.

With regard to the second issue, specific algorithms must be con-
sidered. The algorithm which will be described is but one possible
scheme. Each new detection whose location falls outside an existin.
correlation window® is stored in the fixed-target catalog as a tenta-
tive fixed target. Each subsequent detection which falls within the
neighborhood associated with a tentative fixed target is used to up-
date the catalcg entry, but is also passed to the track-establishment
processor, if that detection does not result in the tentative fixed-
target entry being cranged to an established fixed-target entry. Up-
dating of the catalog entry means adjusting the count of the number
of detections which have been associated with a tentative or estab-
lished fixed-target entry, and recomputing the centroid of the
location of that ontry. A tantative fixed-target entry becomes
established when the number of asscciated detections in the last
n scans reaches a predetermined value k. An established fixed-
target entry reverts to a tentative status when the number of asso-
ciated detections falls below k. A tentative entry in the fixed-
target catalog is dropped when the number of associated detections

in the last n scans is zero.

W
That is, the association neighborhood for an established or
tentative fixed target, or a correlation window for a tenta-
tive or established track.

20
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More precisely, a new detection is deleted from the input to the
track-establishment processor if it falls within the fixed-target-
removal correlation window of an entry in the fixed-target catalog,

e <30z ; . A
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and that entry shows k - 1 or more associated detections in the n -1
previous scans. If the entry shows exactly k - 1 associated detec-

tions in the previous n - 1 scans, the entry now fulfills the criterion
for an established fi:ed-target entry, and its status is changed.
Conversely, if an established fixed-target entry shows exactly k

l
l
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associated detections in the previous n scans, including one such

detection on the nth previous scan, then it reverts to the tentative

Fa—

status on the next scan if there is no new detecticn report that
falls within the correlation window for that entry.

Accerdingly, the probability that 3 new fixed-target detection
is removed is just the probability that the fixed target had been
detected at least k - 1 times Jduring the previous n - 1 scans; de-
noting the single-scan probability of receiving a fixed-target detec-

tion report by P the probability P that a new detection is

FTD?
removed is given by

n-1
n-1
- - n-m-1
Porg = Z( )P];TD (1 = Pppp)
1 m

1
m=i-

FIR

Note that this is the conditional probability of removal, given that
a new detection has.occurred.

The use of fixed-target-removal processing can lead to accidental
desensitizations by random (i.e., rnot temporally correlated) false
detections. Thus, if a real-target detection occurs in a fixed-target-
removal correlation window, it will be deleted from the input to the
track-establishment processor if the criterion for removal is met.

The target detection will of course be lost if the target is in the
same resolution cell as a source of fixed-target detections. In

addition, however, the real-target detection report will be removed
if there were k -~ 1 or more random false detections which resulted in

31
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a falso fixed-target entry at the location of the'targét. The prob-
ability of this occvrrence is given by an expression like that for
PFTR’ with PFTD replaced dy PFD’ !
detection within a jiven resolution cell on & singie scan.

the probability of & random false

The choice of tre parametéts k and nkaepends on se?gral facrcors,
fincludiﬁg the desirved level of fixéd~target removal, the srobability
of obtaining a fixed-target detectibn on a single scan, the acceptable
leveliof desensitization which fesults fram oocidental esteblishment
of finxad-target entries dvs t¢ uncorre.ated false detecticns, and the

acceptable processing burien.

Table 1 shows some relsvant suatistics yieided by the process
for different vaiues of k and n. T.2 column labeled Probsbiliity cf
1

Removal is the probability that & new fixed-target detection will ™.

censored from the track-establishment processor input, gssuming that

the zingle-scan probability cf obtaining such & detection Iz-35.75.
The columns headed Number Of Desensitized £ells give the expected t.am-

[ % Ler of resolution rel« that will he desensitized by random £olse

e - - detections for the given random false-detection probability. I~"com-
| puring these values, it is assumed that the correlation window for:
g : . . .. . . R - :

g5 fixed-target removal is identical «~ith the s.nsor resolution cell,

- . 6 . :
and that the sensor exsmines 13~ resolutlon cells per scan.

TABLE 1. FIX.B-TRRGET-RE..OVAL STAWISTICS

%( ~—;$tameter5 | Probability ___Humber ofnsésensitizcd Cells -]

r& k n of Pemoval PFD = 0,02 PFD = J,01 PPD = 0,005
P 2 | 2 ~V78 20,000 10,000 5,000
: 2 | 3 0.9375 39,600 19,900 9,975
- T 2 | o4 0.9844 58,808 29,701 4,926
30003 0.5625 490 100 28
4 3| 4 0.8437 1,184 298 75
A 315 1.9492 2,336 592 119
: 4 i 4 0.4219 .8 1 ---
3 a | s 0.73€3 2 4 -
1 a |6 0.8965 78 10 1
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g L » txamining the results given»in "h*qf_f -t can be seen that the
-Tl . "simplest possible® rule (k = 2,° =-2) may be sufficiently good
E o some situacions. RAssum. g;that the fixed- -t et false-detection rate
5 "" . is iess tinan or egual to the raildm ‘faise-detection rate, then the
%1 ‘ ~ © Ttotal false-detzction mate after fixed-target removal vill be larger
'-~l _ than the random rate by'é factor no greéter than 1.25, ‘and from 0.5
3 - to 2 percent of the resclution celis will de desensitized. Any -
' 3 T . attempt to obtain higher eificiency removal .. rixed targets by simply B
2 ) T increasing n, however, leads to fairly large numbers of desensitized
< B - T cells. For k=3, n=4andk =3, n=35 bettz _cycction of fixed .
! 'tmge;s -is obtained, an’ _nhe number o'_f desensitized cells is lecs than =
‘ B 0.24 percent. Taking ¥ = 3, n = 5, and assuning that the false- -
: I , cetectic  ~are due to Tix.d-target returns is ‘three times the random 3
: : rate, the totsl false-detvection rate enterlng +he track-establishmen: - :} 3
~_i . Trocassor wotla be 1.15 times the r@ngom fgise~detecticn rate. This .
- . would generally result in a dramatic Zmprovement in & “a-esteblishment E
x § performance be:ausqﬁthe cverall false-detection rate ouLd h,ae been 4 ¥ -i
g.g _. reduced by a factor of almost 2.5 by the flxed-targOt-'=Mffa1 pr cess. - o -;[ ) ‘E
S - i ;
- The censequence of “ircreasing k and 1-to obtain bet jer Fixed- 3 :
;g ! R target removal withcut an unacceptable level- of derensitirat.on ic an s é
3 increased precessor Firden. For the case k = 2, n = z, thé>fixed~ k- ;
. ¥ targetmrzmoval Processor must retain each detection report for 2 i

K : scan, but most of the random Fa‘<e detections will be diopped afrer :

E g _ the next scan. In *hc case k = 3, n = 5, on the other hand, random :ﬁ’ %
o false detections must be retained for &t -least three scans; however, i- B
' ;; LU a levge fraction will be dropped at *his pcint. The fixed-target- é 'i

] ” removel processor burden using k = 3, n = 5 will be'approximately ' - "E
Eq? four times *hat imposed by using k = 2, n = 2. “ ?
“é 7Ath regard to the third question raised earlier, the dimensions _ .;4 ‘-§
;% 0f the correlation window for fixed-tasrget removal depend on the - ;E:“  f;

4 amount cf scan-to-scan jitter in fixed-target cdetections seen by the. 'f: L

v 3 ; processor after coordinate conversion. The assumpticn implied in the _ -ﬁ. é
? foreguing dizcussicns and used in subsequent anal,ses iu that this ? %22

EL ' jitter can be neld to the dimensions cf a sensor resoluticn cell, , fil gz
L . . ' 33 -
N E:

) ﬁ

Nt Rores




AT S S e R T R T T A SRR ST T B e O e S AT .0 Aald Sl as S Rk Dtk o

Y \ N i . = Caaleal
/"N \\ iy . . TR
~. L. :

There are several consequences of using larger correlation win-
dows for fixed-target removal to cvercome jitter problems. First,
the number of desersitized resolution cells will be increased for a

given »andom fa-.se-detection rete. Next, the fixed-target-removal

: - processor burden due to random false detections will be increased.
Finally, and perhaps most important, the minimum moving-target specd

which can result in track establishment will be increased.

\

These consequences can be offset to some extent by employing

k = 3 or k = 4 in the fixed-target-removal process. For k = 3, the
moving t:.get can remain within the correlation window for two suc-

cessive scans without being rejected by the fixed-target-removal

.; processor, uniess random false detections have effected or iritiated
the fixed-target-removal operation. In the case k = 3, n =5, one

false detection within the correlation neighborhood of a slowly mcving
real target on any of the preceding three scans will be sufficient to
canse two successive detections of the target to be rejected by the
fixed-target-removal process. Assuming a random false-detecticn
probability of 0.0l and a correlation window of four (2 x 2) resclu-
tion cells, the probability of rejection is about G.12. The proba-

R ‘bility_of rejection is somewhat better for k = 4, n = 6, because two
false detections in the preceding four scans are reguired for rejecticrn.
fThe coerresponaing probability of rejection obtained in this instance

is 0£.409,
2 Sy aae
e _uUm..nd-y

Removal of temporally correlated false detections due to fixed-
target returns is attractive for stationarv sensors, because the acqui-
sition of the catalog of fixed targets can be accomplished on a time-
shared basis with surveillance operation. In the case of a sensor cn

“a moving platform, the tack of acquiring and using such a catalog is
complicated by the problem of data stabilization, and the changing
scene perceived by the sensor. Ac.ordingry, the fixed-target-removal
process must be accomplished concurrently with the track-establishment

proc. .5, and may set a lower bound .~ the minimum-detectable target -

speed, independent of the sensor motion-detection capabilities, -
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In many instances, multiple-scan correlation techniques to estab-
lish a catalog of fixed targets are advantageous from the standpoint
of surveillance performance, Use of such techniques can yield dramatic
reductions in the false-detection rates seen by the track-establishment
processor (with concomitant improvements in track-establishment per-
formance; without introducing significant losses in sensitivity to
random false detections.

C. TRACK ESTABLISHMENT

This section nresents a description of a class of scan-to-scan
correlation algorithms for use in track establishment per se. Rele-
vant performance measures will be stated and applied, to illustrate
the various trade-offs that can be made in synthesizing a practical
system., It will be assumed that the false detections in the input
to the track-establishment processor are spatially and temporally
independent in a statistical sense, which means that the occurrence
cf a false detection in the surveillance region on one scan does not
influence the probability of cccurrence of a false detection at the
same point on subsequent scans, nor the probability of oczurrence of
false detections at other points in the surveillance region on the
same or subsequent scans. This assumption is at least approximately
valid for the interference conditions assumed in Section II-B, if
fixed-target-removal processing is employed, because the fixed-target-
removal processor censors those inputs which exhibit temporal correla-

tion.

The performance measures for track establishment which are con-

sidered were stated earlier and are restated here: i

(1) The probability of track estoblishment that is obtained
for real targets

(2) The rate at which false track: are established by the
processor

(3) The number of observations of rhe target required for

track establishmant,
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tween the real-target track-establishment probability and the false-
track-establishment rate improves as the number of observations, or

scans, used for track establishment is increased. Increasing the

number of scans, however, increases the time required to establish a

track, because the scanning period will be constrained by a number of

factors. An increase in the total time of observation required for

track establishment reduces the overall surveillance system capability

in several ways.

take the form of an increase in reaction time.

get must be within the effective coverage or field of view of the

surveillance sensor. Thus, the system may be limited to surveillance

of regions which are sufficiently free of masking that the time re-
quired for the target to transit an unmasked region ex- eds the re-
cuires cxposure time.

the required exposure time may limit the area search rate.

Another measure of system performance not ex-"mined in this sztudy

is rracking accuracy. For the class of targets considered here, the

uncervainty in target location is an ill-defined function of the
uncertainty in the last observation of the target position that was
correlated with the target track, the elapsed time since the last

observation, the target velocity and its variability, and the false
detection rate.

The determination of the three performsnc.: measures depends or

several factors:: the sensor performance as modified by the various

intermediate operaétions . veadout, coorlinate conversion, and fixed-

target removal, for example), the character of the target motion, and

the track-establishment proéessing parameters. The goneral character

assumed for the target was discussed in Section JI-B. The r:levant

processing parameters assumed for snalytical purpc:ies presume that

the target will continue to m:. @ in approximately the same direction

and at approximat.uily the same speed during the time between the last
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three measures interact; it will be seen that the trade-off be-

In some situations, the most important reduction may

The time required for
track establishment also implies a time interval during which the tar-

Finally, if the sensor is on a moving platform,
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observation and the next detection as it did during the preceding
interval. The relative, or fractional, variability permitted by the
parameters is less for higher speed targets than for thcse which move
more slowly.

The sensor performance characteristics are stipulated® in the
form of PD’ the single-scan probability of detection of a moving tar-

get; P the single-trial probability of a false detection from the

s
sensor?D (PFD is effectively the expected number of false detections
from the sensor per scan divided by N, the number of resolution cells
seen by the sensor during a scan.) Both of these parameters are

assumed to be measured at the input to the track-establishment processor
in Fig. 2, i.e., after fixed-target removal. Other parameters which
are important are the minimun and maximum number of sensor resolution
elements which the target can move during a-scanj; these are functions

of the minimum and maximum target speeds, the dimensions of the sen-

sor resolution cells, and the scan period. It is assumed for the pur-
pose of analysis that the target moves a distance from one scan to the
next that is measurable (i.e., resolvable) by the sensor. In the par-
lance to be used, the targei at least moves during the scan period

from the resolution cell it occupied on the last observation to an
adjacent resolution cell. It may move a greater distance, of course.
This assumption is consistent with maintaining a capability to estab-
1ish tracks on real targets while exploiting the advantages of fixed-

target removal.

As a basis for comparing different processing options, nominal
required values have been assumed for PTE’ the probability of track
establishment for moving targets, and Rppp, the average false-track

esteghblishment rate. These are

pTE = 0.85

RFTE = 1 per minute

1 per hour
1 per day

The tiree values assumed for RF are respectively consistent with:

TE

“Appendix L presents a glossary of the symbols which are used
in the text.
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% (1) Operator evaluation of computer-established tracks. .é
!}_ (2) Changes in the sensor mode of operation (for diagnosis E
? of suspect tracks) based on computer-establi<hed tracks, %
é‘ where the change in mode causes a diversion of the f
2. sensor from its normal surveillance functi:ii. é
3 (3) BAlerting of affected parties or allocation of material 4

resources (e.g., weapon designation) based on computer-
established tracks.

Apart from these qualitative considerations, the values assumed are

3 quite arbitrary. ' s
{ 1. Track-Establishment Algorithms
3

s hve Lo ks

The class of track-establishment algorithms considered here in-
volves the correlation of stored track histories with incoming detec-
3 tion reports. A track history is a collection of detection reports
\ which have been associated and aggregated by the processor, together
with a track status indicator, or quality number, which will be denoted
by the symbol Q. A detection report consists of a location (the posi-

tion of an apparent target on a particular observation) and the time
E or scan number at which the observation was obtaired. The time or
scan-number datum permits reconstruction of the track history on a
| display. The track history may be stored in two forms: an archival

form, which contains as many cf the detecticn reports as are deemed

T

necessary for interpretation of the target motion (e.g., threat

Do

d ordering and inference of intent), and an associative form, contain-
3 ing the most recent detection repert (or reports) needed for the
track-establishment procedure and track mainteonance. The archival
track history is maintained only for established tracks, and need
not contain the track status indicator,

The associative track history is used to predict the location ot
3 the ¥yparcnt target at the time it will next be observed by the sensor.

4 This prediction is employed te establish a correlation window for that

track; the dimensions of the correlation window reflect the uncertainty
in target location on the next possible observation. It is convenient
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to describe the correlation window in units of the sensor resolution.
Thus, for a radar sensor, the correlation window might subtend a do-
main in the surveillance region including three azimuth-resolution
cells and three range-resolution cells. Such a window will be de-
scribed as a 9-cell (3 azimuth x 3 range) window, even though the win-
dow may be described within the processor in different coordinates.

During a scan, the correlation windows corresponding to the
current locations under surveillance are called out and compared with
the detection reports beihg received. Each detection report whose
location falls within a window is associated with the track history
which generated that window, and the track status indicator is up-
dated in a manner which will be described subsequently. If no de-
tection reports fall within the correlation window for an established
track, the correlation window location is recomputed for the next scan.
If no detection reports fall within the correlation window for an ini-
tial track or tentative track (tracks which have not been established),
the quality number is updated and the correlation window location is
recomputed for the next scan if the track is not dropped.

Detection reports which fall outside of all existing correlation
windows are store! as initial tracks and assigned the quality numizr
Ql' On the following scan, an initial correlation window of Ny cells
is generated for each initial track.

The quality-numter updating process is the same for initial and
tentative tracks: for each track, the quality number is increased by
an amount Q+ if a detection report is associated with the correlation
window for the track on a particular scan. Conversely, the quality
number is decreased by an amount Q_ if no association occurs on a given
scan. If the quality number for an initial track attains the value
Q5 its status changes to that of a tentative track.

If the quality number for a tentative track attains the value
QO, its status changes to that of an established track; the operator
is then alerted. If the operator does not discard the computer-
estabiished track, it is continued, but the guality number is not
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changed from scan to scan. If the operator chooses to do so, he can
assign a manual-verification status to the track. The manually veri-
fied status indicator can be employed in a variety of ways, including
the assignment of a priority to manually verified tracks over the fixed-

target-removal processor with respect to incoming detection reports.

Conversely, if the quality number for an initial or tentative
track falls to zero, the track and all data associated with it are
dropped from the track-establishment processor memory.

The distinction between initial and tentative tracks is that the
values of the quality-number increments Q+ and Q_ may be differént,
and the correlation windows for initial tracks are different from thecse
for tentative and estallished tracks. The reasons for this distinction
are twofold. First, an initial detection (of a possible target) con-
tains no information as to the direction and rate of movement of that
target; the dimensions of the initial correlation window must reflect.
that fact. The track histories associated with tentative and estab-
lished tracks, on the other hand, permit an inference as to the approx-
imate rate and direction of movement of the targets, so that the
dimensions of the correlation window for tentative and established
tracks can generally be made smaller than the correlation window for
initial tracks. Thus, the initial-track stavus is cne which is oniy
maintained until it is possible to estimate the approximate target
speed and direction, i.e., only until a detection report i, obtained
in the initial correlation window.

In general, it is necessary to stipulate an upper bound on the
speed of real targets for the purpose of sizing the initial correla-
tion window. The radar sensur considered here is assumed to have
an azimuthal resolution which subtends a distance five times the
radar range resolution, and it is assumed that the maximum target
speed is equivalent to five range-resolution cells per scan. Allowing
for motion in any direction, the initial correlation window would be
centered on the location of the initial detection, and would subtend
11 range-resolution cells and 3 azimuth-resolution cells. The center
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cell can be ignored, because the fixed-target-removal process will
tend to suppress repeated detection reports from the same location.

Thus, the initial correlation window contains N, = 32 resoluticn cells;

1
this value was employed for the computations which will be reported

subsequently.,

The probability that at least one detection will fall within a
given initial correlation window is

Ny
1 1-(1- PFD) (L

o)
L]

or
P

1

1 Nl PFD

if this quantity is small compared to unity. It can be seen that the
probability of dropping a false initial track is large only if the
product Nl PFD is small. It is therefore desirable to minimize the
dimensions of the initial correlation window.

Letting N denote the total number of resolution cells examined by
the sensor during a single scan, the expected number of false detec-
tions per scan will be NPFD‘ Suppose that a fraction F of these gen-
erate initial tracks because they fall outside of all existing corre-
lation windows. A lower bound on the expected number of corvelation

—

windows called out per scan is then just NPFDF. The expected number
of new false detections which fall in existing correlation windows 1is
chen at least NPFDF Pl. Under steady-state conditions, however, the
expected number of false detections is (1 - F) NPFD' Thus,

(1 -F) NPFD 2 NPPDP Pl
which has the solution
Fs1/(1 + Pl) (2)
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Using this simple and conservative approximation, the expected number
of false initial tracks created per scan that will have at least one
false detection in their initial correlation windows on the next scan
is
= z
Nep = NPppPy /(1 + Pp) (3)

It is o be noted that if N = 10° = 0.01, and N, = 32, then the.

P.
9 FD 1
number of false detections per scan is 10 and P, is 0.275. The ex-

pected number of false initial tracks with false detections in their
initial correlation windows is 2157,

With these numbers in mind, it is pyssikle to reach a conclusion
regarding the step from initial track to tentative track. For the
conditions stated, each scan results in 10,000 false detections and
7843 new false initial tracks. The next scan results in f:lse detec-
tions corroborating 2157 of these, 5686 which are nct corrobersted,
and 7843 new false initisl tracks. The most obvious method for limit-

ing the false-track population is to discard those initial tracks which
are not corroborated on the next scan.

In the context of the general framework, this procedure is equiv-
alent to setting Q_ = Ql for initial tracks, so that Q falls to zero

if there is no detection within the correlation window for an initial
track on the next scan.

Conversely, if theve is a detection within the initial correle-
tion window, the initial and subsequent detections provide an approxi-
mate estimate of the appaient target direction and rate of movement.
Thus, the corroborated initial track can be declared a tenta'ive tra'h,
which amounts to settiny & = & - Ql; the dimensions ot the correla-
tion windows u.ed subsevquently (referred to hereatter as zubsequent
correlation windows) can be reduced in size (relative to the initis?
correlation windows), reflecting the kuowledge of the apparent tariet

direction and rate of movement.

The subsequent correlation windews for a tentative (or ertahlished)
track are centored on the target location predicted for the aext ccan.
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Ir this study, it is assumed that the size of the subsequent corre-
lation window is held constant, comprising N, resolution cells (or
the equivalent of N, statistically independent trials) of the sur-
veillance sensor output. The prediction of the apparent target
location for the next scan may be based on a simple extrapolation
of the apparent target locations obtained from the last two detec-
tions, ¢r more elaborate prediction rules may be employed.

The probability of at least one false detection appearing within
a subsequen* correlation window is

_ Ny
Py=1- (1-Fy) (4)

2

For PPD = J.01 and N, =3, PQ = 0.0865. Thus, of the 2157 false ten-
totive tracks declared per scan in the example given above, an average
number of 187 will be (falsely) further corroborated cn the nex* scan.
If the criterion for continuation of a newly declared tentative track
requires a correlating detection on the next scan followina tentative
track declaration, the reduction in false tentvative tracks is indeed
dramatic. However, the question must be raised as to what effect

suth a criterion has on track establishment performance for real

targets.

In the next scotion, two classes of track-establishment algo-
rithms will be analyzed. The first class considered is the run test,
for which the track-establishment criterion is R correlated detections
on R successive scans.” The advantage of the run-test class is that
tha tects roject false tentative tracks at the highest possible rate,
and thereby minimize the processor burden. These tests are obtained
by setting

it
H
~

1]
e

4
Q+=]_ Q?:R

s"‘ -
The rur. test is superficially similar to the time-compression
te~hnique mentioned in Section ITI-A.
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Tue false-track establishment rate is controlled by adjusting R. The
fact that Q; = 2 for the run tests is immaterial.

In the second class of algorithms, denoted simply as Q tests,
the value of Q_ is fixed at Q_ = 1, and Qi is adjusted to allow con-
tinuance of the tentative track, even if correlating detections do
not occur on one or more scans immediately following tentative track
declaration. The false-track establishment rate is controlled by
adjustment of the threshold Qo’ and the objective of the Q test is
to trade increased processor burden for better real-target track-
establishment performance.

2. lultiple Correlations

In the preceding discussions, the taci. assumption was made re-
garding the occurrence of multiple detections within a single corre-
lation window. This assumption is that *f two or more detections
occur within a single correlation window, they will be aggregated znd
treated as a single detection, with the apparent target location being
taken as the centroid of the locations corresponding to the several
detections. The position errors which result Zan be accommodated by
use of larger subsequent correlation windows when multiple detecticns
occur, the size being adjusted according to the uncertainty in the
predicted target position. Alternatively, the multiple detections
can be treated as evidence of mulviple targets, with subsequent
correlation windows being established for each detection appearing
within a correlaticn window. This matter is more important for initial
tracks than for tentatively declared tracks. For the example given
above, the average number of false detections appearing within initial
correlation windows is 2510. Thus, if multiple detections are treated
as multiple targets, there will be about 16 percent more false tentative-
track declarations than if the multiple detections are aggregated.
With aggregation, approximately 16 percent of the newly declared
false tentative tracks will require larger subsequent correlation
windows. Approximately 4 percent of the ncrmal-sized (N2 = J) sub-

sequent correlation windows will hive multiple false detections.
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The possibility will be mentioned of employing a hybrid proce-

dure for dealing with the matter of multiple correlation. For this ‘ §> %
procedure, the processor aggregates or splits the apparent target L
locations, using larger subsequent correlation windows for aggregated T

detection reports and normal subsequent correlation windows for de-
tection reports which are not aggregated. The allocation would be

made so as to minimize the total number of resolution cells resulting
from the procedure.-
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IV. PERFORMAKNCE ANALYSIS

A. INIRCDUCTION

This section presents snalytical results on the performance and
processing burden associated with run tests and a “roader class of
recursive procedures, referred to here as Q tests, for track estab-

lishment. P glossary of the principal symbols used in the text is

given in Appendix C. The performance parameters analyzed are PTE’
the prebability ¢f track establisnment for a real target (characterized
y

at

o

Qs

single-scan orobebility of detection PD) and R the average

FTE?
of occurrence of false established tracks, due to random false =

2]

W

Jdetections, characterized by a single-trial false-detection probsbiiity e,

PFD’

For the §Q tests, it is assumed that tentative tracks are discarded
after 8 scans. In the case of a patrclling sensor, the discarding E. -
prozess may take place implicitiy, if the coverege of the moving sensor b
shifts to the extent that detection reports are no loiger obtained
from the regior in which the eprarent target is located. The impact
of this assumption cn the run tests is simply that the target must be 11‘
detected on R successive scans during a total observation period cf

S scans.

In genersl, the analytical expression for PT is a polynomial of

E

opder 8 in PE' It is assumed that real targets are within the field

of view of the caurveillance sensor for at least S scans. b

The average false-track-2stablishment rate is given by

Rpme = Ropop P(TE | TTD) (5)

where RPTTD denotes the average rate of false tentative trazk declara-

tions, and P(TE |TTD) is the probability of false-track establishment,
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given false tentstive track .declaration. An approximate expression

fox'_RFTE is - \ }
Repp = Rppy Py /(3 + P) (8

where A . :
is the average false detection rate, and Pl is expressed in terms of ' ;i ﬁ
M, and Pon by Eq. {1). The quantity P{TE|TTD) is, in general, a ¢ _5
BN - N
polynomiasl of order S-2 in P2, where P2 is given in terms of N2 end . » - ;ﬁ
° \o - ) " 3

PPD by Eq. (4) | 5

The perameters Py, PEDQ N, and T, are parameters of the sivrve=il- :

lance sensor. 1In particulsr, Py and P., are not corpletely contrecllable, 2

although some trade-coff (increasing P, to improve PD) may be available

FD
within the sencor configurastion. In fact PD is likely to depend on

It

the target characteristics, and will be unknown a priori at least to
the extent that the target characteristics are not known beforeh.nd.

et i i s ety i e
T S R e, s e

The value of PFD can be estimated, however, and this estimate provides

a basis for centrolling RFTE’ via the choice of R for the run tests A _}
and via the choice of QO for the Q tests. The control proc ss depends ‘
on Nl and to an even greater extent on NQ, which depend both on the

surveillance sensor parameters and the characteristics of target mo- 2
tion. The correlation-window dimensions, which determine Ny and N, £

are selected within the track-establishment processor to obtain a

proper balance between achieving a high probability of associating 3 oL
real targets, on the one hand, and a manégeable level for Remep and E
a acceptable value for Ry, on the other. This facet of the track- %E'
establishment problem is discussed furtber in Sectiouns VI-B and VI-C. '

In any event, it is assumed that the process is controlled so as
to maintain RPTE at a specified level. The assumed objective of the !3'
process design is to minimize the value of PD required to achieve a
specified value of Prp (nominally C.85), subject to the constraint E-

on R (3 :
ME , | 'y 3
] ¥
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Comparisons of the various tests for track establishment can be
made in terms of the polynomial expressions for PTE and P(TEITTD).
For the sake of concreteness, numerical results will be presented

for the following surveillance sensor parameters:

N = 480,000 (resolution cells per scan)
T = 90 sec (scan peripd
The values Nl = 32 and N2 = 9 will be assumed for this purpose.

B. ANALYTICAL RESULTS PJR THE RUN TESTS

1. Probability of Track Establishment

As was noted earlier, the probability of track establishment
for real targets, using a run-of-R test, is just the probability of
R or more successive, associated detections of the target in S (2 R)
scans. This probability can be computed analytically, using the
recursion formula (Refs. 2 and 3)

Pp(s +1,R)=[1-p -~ R, R)I B§ (1 - By) + Pr(s, R) (8)

(S

alon~ with the initial conditions

PTE(S, R) =0 s <R
(9)

1

Pre(®, R) = B

The expressions for P.. obtained by means of the above technique can

TE
be written in the form of a polynomial

S
. K
Pry -Z C (R, ) BY (10)
k=R

il

Table 2 gives the polynomial expressions for PTE for R = 5 and
S =5 to 18. Table 3 gives the polynomials for R = 6, S = 6 tec 18,
and R =.7, S = 7 to 18. Equation (10) can be cast in an alternative
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TABLE 2, PTE FOR RUN-OF-5 TRACK ESTABLISHMENT RULE

Number -
e} f " L
Scans PTB

| 5 P> L
'f : | «-
3 6 p° . P° ;

3 5 .6

10 | 6P° - SP 5 ;

11 . 7P7 - 6P - P+ P
© .5 6 10 1 12

13 9p° - 8p® - ep0 4 gptl _ 3pt?

{

|

14 i10p° - 9p° - 1090 4 16PMt - 6p? }
A !
3 ! |
] 15 110> - 10P° - 150 & 25ptt L 1gpt? |
!

i

|

|

12P5 - 11P6 - QlPlo + 36P:Ll - 151:’12

13p° - 12P° - 26110 4 agptl - o1pt? o plo L opt® L gl
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form

S
= :"" S-m _
P ~Z Cp (R, 8) PP (1 - P,) (11)
m=R
where
m
o S-k
C (R, 8) = c, (R, 8) (12)
k=R m-k

?,

in which case C; (R, 8) represents the number of ways that a run of
R can be obtained in S scans with m detections. The coefficients
given by Eq. (12) will be used for purposes of comparison with
analytical results for the Q test.

Table 4 gives values of PTE for R = 5, 6, and 7, various values
of 5, and PD = 0.7, 0.8, and 0.9. It can be seen, as might be ex-
pected, that the run tests yield good performance only for fa
high values of P

irly

Do

TABLE 4. P,. FOR RUN TESTS

TE
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2, False-Track Establishment Rate

The expression for P(TE|TTD) for the run tests is simply

. _ R-2
E(TE |TTD} = Pg (13)

and is independent of S. This expression can be cast into a form

appropriate for comparison with analytical results for the 7 tests

by noting that
S-2

5>

m=R- 2

S-R
g (1 -p)S-2M (14)
m-R+2 2 2

The ccefficient of #g (1 -P2)S'2'm in Eq. (14) is simply the number
of ways that a run of R - 2 detections can be obtained (immediately
following the 2 detections required for tentative track declaration),
given m detections in S - 2 scans.

Table 5 gives values of the false-track establishment rate as a
function of PFD for R =5, 6, and 7. It can be seen that for values
of PFD less than 0.012, the false-track establishment rate drops very
ranidly when R is increased. This characteristic is, in one sense,
an inherent weakness of the run tests; the single parameter does not
provide great latitude in tuning the processing to the needs of the

situation.

TABLE 5: RFTE FOR RUN TESTS

[ R=5 R=6 =7
Py |
001 .01 per day - -
WL002 330 0 .01 per day -
,005 1,06 per hour 1.13 " " .05 per day
.008 9.63 " " +67 per hour l.12 "
010 +45 per min 2,32 " " .20 per hour
012 1,02 per min 6.28 per hour .65 per hour
014 2,02 " v «24 per min .72 " "
016 2,63 " " 4 w0 3.98 " "
.018 6.04 " " 91 " R .14 per min
020 9,49 " " 1.8 " " 26 "
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Suppose for example, that the system is being operated so as
to maintain the average false-track establishment rate below a
nominal level of 1 per hour. At PPD
R = 6 is 0.67 per hour, which is comfortably below the nominal
level. However, if PFD increases to 0.01, then R must be changed
to 7, dropping the false-track establishment rate to 0.2 per hour,
an unnecessarily low veliue. The impact of such a change can be seen
in Table 4; with :b = 0.9, and using 12 scans for track establishment,
the probability of track establishment drops from 0.85 to 0.72, when
R is changed from 6 to 7.

= 0,008, the average rate for

TN

R

3. Processor Burden

The burden for track-establishment processing can be estimated

e,

as follows. Suppose that the scans of the surveillance sensor are

arbitrarily indexed with index s. At the end of scan s, the processor

will have received an average number, n., of new false detections, for

I’
which initial correlation windows will be generated on scan s + 1.

The approximate expression for Ny is

NP
W = _FD

I 1+Pl

(15)

The approximation, it will be recalled, is in the factor F = 1/(1 + Pl),
and 1s the same throughout all the discussions of processor burden.

The value of ng is the same for both run tests and Q tests.

In addition, there will be an average number n_y of new false

tentative tracks declared during scans (for which new subsequent

correlation windows will be generated on scan s + 1) and arising from
new false detectrions which oc-urred on scan s - 1. The approximate

expression for n 1 is

-3 r:P
i Lol rpf1 (16)
- _TTT;_
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Next, there will be an average number n X false tentative tracks

originally stemming from new false detections which occurred on
scan s - k¢

NP__P
~ "FD'1 k-1, _ :
n_y =T P, " k=2, «ou, R-1 (17)

The total processor burden for generating subsequent correlation
windows on scan s + 1 is obtained by combining Eqs. (16) and (17):

NP, P, f1-pX1

- A ~ "FD'1 2 ]
nS n_l + n-2 T cee n_R+l —-—FFi— I-:F;- (‘_8)

-1 . . . . .
The term P% in Eq. (18) is ordinarily quite negligible, and a
reasonably accurate upper bound for the total processnr burden for
generating subsequent correlation windows is

NPopPy

ng < (A¥F)) (1-F,) (19)

The ratio of the run-test processor burden for generating subse-
quent correlation windows to the burden for generating initial corre-
lation windows is, comparing Eqgs. (15) and (19), simply Pl/(l - PQ).
(Note that neither Ny nor ng includes the burden for fixed-target
removal processing, display generation, and other functicns.) For
N, =32, N
generating subsequent correlation windows is about 30 percent of that
tor generating initial correlation windows.

o = 9, and PFD = 0.01, the run-test processor burden for

4. Performance Summary

Table 6 summarizes the track-establishment precessing performance
with run tests, in terms orf the minimum values of PD required to attain
ED for which the three nominal

false-track-establishment rates can be maintained. For R = 5, reason-

Pop = 0.85, and the maximum values of P
able values of PD are reqQuired if 15 or more scans are available for
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track estaliiishment, but low false-track-establishment rates are
unattainable except with rather low values of PFD‘ At R = 7, sig-

nificantly higher values of P.. can be tolerated while maintaining

FD
false~-track-establishment rates at the lower levels, but the realiza-
tion of zitisfactory track-establishment performance on real targets

recuires values of P in excess of 0.87, or more than 18 scans.

D

TABLE 6. RUN TEST FERFORMANCE SUMMARY

i
|
i

No. of Detection Criterion
Scans R=275 R =6 R=17
Mi<nimum values
of PD to cbtain
PTE = 0.85 g = .9606 .9733 -
§=9 .9106 .9515 .9686
S =12 .8520 .8999 .9423
S =15 .8090 .8663 .9044
S =18 7753 .8353 8786
Maximum values
of PPD for
RFTE = 1/min .01195 .01832 .02499
RFTE = 1/hour .00494 .00859 .01285
RFTE = 1/day .00255 .00490 .00786

e

C. ANALYTICAL RESULTS FOR THE Q-TESTS

1. Parameter Selection

The parameters availacle for processor control with the Q-tests
are Q;, Q, Q_, and QG The process of track establishment (or
rejection) can be regarded as a random walk in the Q-domain, with

56




steps cceurring on a scan-to-scan basis. After tentstive-track
deélaration, the walk starts at Q = Qi’ with a step upward of length
Q,+ or a step downward, of length Q_, after each scan. .The values
Q=0 and Q ='QO are lower and upper absorbing barriers, respectively.
As was ncted -earlier, all the parameters are assumed to be held con-
stant for processing a given track, and Qi is assumed to be held
constant for all tracks. The value Q_ = 1 will be assumed; it is not

apparent that this assumption entails any loss of generality.

The value of Qi then determinej how many’scans can elapse, with-
out subsequent correlation of a new tentative track, hefore that
track is dropped. A new tentative *rack will be retained in the
processor for Qi - 1 scans withput subsequent correlations. Thus,
for Qi = 1, the tentative track will be drozped on after the very
next scan, i1f no detection occurs within the subsequent correlation
window on that scan. Taking into account the possibility of an
accidental subsequent correlation®, th0>probability of dropping a
new tentative track of a real target is (1 - P2) (1 - PD). For
PFD = 0.01, N, = 9, and PD-: 0.7, this probability is 0.274. The
prcblem with choosing Qi = 1 is, ther>fore, that there is an uncomfort-
ably large probability that tentative tracks for real targets will
be dropped*®., For Q = 2, the probability that the real-tarsct
tentative track is dropped after the two scans following tuntative
track declaration is 0.075, which is still roughly comperable to the
nominally acceptable probability (1 - PTE = 0,15) of not establishing
track on a reai target. For Q_l = 3, the probability that the tenta-
tive tra-k is dropped directly (i.e., after three scans following

tentacive-track declaration) is less than 0.021, which is probably

“Accidental correlations are due to false detecticns, and are
not particularly helpful for track establishment on real
targets.,

It s possible, of course, to retain dropped teniative-track
declarations in the processor memory for use via a look-back
a.gorithm, in the event a new tentative track is declared.

This alternative was not examined.
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suitably small, comﬁared to the postulated required maximum value of
1= Pppe For Q; = 4, the probability that the tentative track is
dropped after four scans following tentative-track declaration is

‘less than 0.006, which 1s probably innecessarily small.

The value Qi = 3 was adopted for all analyses of the Q-tests.
on the basis of the rather subjective analyses just given. The im-
pact of the chcice of Q; on the processor burden will be discussed

later.
Poly.omial expressicns have been devived for PTE and P(TE|TTD)
by means of the computational procedures described in Appendix A.
able 7 gives the nolynomial coefficients for Qi =3, Q_+ = 2, and
S =12, for Qo = 9 to QO = 17. The upper set of ccefficients in

Table 7 zre the values of bn in the representation

1) n 10~-n
o0TE | TTD) = :E: b E) (1 - ¥y (20)
n=3

and the lower set ot 2oefficients are the values of ay in the

representation
1z
_ It 12-n N
PT; = E a, PD (1 - PD) (21

n=5
Thus, the values of bn represent the nunber of ways that the value
Q0 can be equalled or exceeded during the ten scans (for S = 12)

fullowing tentative track declaration, given n false subsequent

correlations. The values c¢f a, represent the number of ways that

a track on a real target can be established (Q 2 QO during 12 scans)

given n correlated detections. For example,

. 7 3 8 2 9 10
P(TE|TTD) = 8 P, (1 - P,)° + 45 P, (L - P,)° + 10 P7 (1 - Py) + Py

and
_ 3, 3 10 2 _ 11 . P 12
PTE = 25 PD (L - Pz) + 65 PD (1 - PD) = 12 PD (1 FD) + PD

for OO = 16.
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TABLE 7. POLYNOMIAL COEFFICIENTS FOR Q+ = 2, 12 SCANS

Q0 =2 3 4 5 6 7 8 9 10 {11 (12
9 0 1 19 138 2031119 45 10 1
10 0 0 5 65 203|119 45 10 1
11 0 0 24 203 1119 45 10 1
12 0 0 0 6 89 | 119 45 10 1
1z 0 1 50 1119 45 10 1
14 0 0 7 1119 45 10 1
15 0 0 1| 37 45 10 1
16 6 0 0 45 10 i
17 0 0 2 1 45 10 1
L9 . 8 112 {486 |491 | 220 | 66 |12 | 1
10 2 0 31 1263 474 220 66 12 1
11 a 0 7 1112 421 220 66 12 1
12 0 0 0 31 248 219 66 12 1
13 0 ) 105 214 66 12 1
14 ) 0 29 18 66 12 1
15 0 0 88 66 |12 1
16 Q a 25 65 12 1
17 0 0 4 55 1z 1
Tables 8 and 9 present the corresponding polynomial coefricients
for Ql =3, Q= 43 and Ql =3, Q =6, respectively, for U = li.

S9




TABLE 8. POLYNOMIAL COEFFICIENTS FOR Q+ = 4, 12 3CANS

4 Q, |l n=3 4 5 6 7 8 9 10 11 12
i 15 1 | 67 231 | 203 119] 45 | 10 1
B 16 0 | 34 231 | 203 1191 45 10 1
. 17 0 |15 231 | 203 119] 45 | 10 1
& 18 0 5 231 | 203 1191} 45 10 1
£ 19 0 1 | 121 |203 119 | 45 10 1 2
¢ e
1 20 0 55 | 203 119 45 10 1 3
. 21 0 21 | 203 119 45 10 M :
3 22 0 6 | 2c3 119 45 10 1 ‘
] 23 0 1 | 203 119{ 45 10 1 ‘
% 24 0 0 83 119 45 10 1
%‘ 25 28 119| 45 10 1 -
& 26 : 7 119 45 | 10 1
% 27 1 112 45 10 1
4 28 0 119 45 10 1
3 29 0 36| 45 10 1
¥
[
{ 30 8| 45 | 10 1 3
£ 31 1145 1o 1 “
& 32 0} 45 10 1
£ 33 ' 0| 45 10 1
E 34 0f 2 10 L
E 1 0 g | 274 663 (491 | 220 66 12 1
- 16 0 0157 606 {484 | 200 66 12 1
| - 17 0 0 81 549 (484 | 220 66 12 1
o 18 0 0| 31 489 (474 | 220 66 12 1
k. 19 0 0 7 339|454 220 56 12 1
1 20 | 0 1930441 219 | s 2 1 3
3 21 0 91 1407 | 219 66 12 1 3
;| 22. 0 310362 | 219 66 12 1 3
3 23 0 51332 | 214 66 12 1 3
3 24 0 90202 1209 | 66 1z 1 g
5 25 92 1209 | 6o 2 1 L
4 26 29 |188 6 10 1 !
i 27 5 170 66 12 1 :
. 28 0 [164 3 N i !
£ 29 " 81 65 12 1 3
30 25 | 65 12 1 E
31 4 58 2 1 K
32 0 55 12 1 £
33 0 55 12 1 §
34 0 19 12 1
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TAFLE 9. FOLYHOMIAL COZFFICIENTS FOR Q, = 6, 12 SCANS S
: K- b
. p p " -
NN ERE 5 1 1] 1 2 .
| — - T ..
21 Lo 178 ey 203 | 119 | 4s 10 N o
22 |0 1i1 4 221 | 203 | 119 | 45 10 i -
23 F 0 g2 1231 (205 | 329 ] a5 10 1 S 4
PE N e 38 7231 | 203 | 119 | 45 10 o ;
ot Ys ez laos | 1a9 | as |19 1 : 1
Fog A7 I> Ve rd - " ¢ 3
26 . 5 |2z j 203 {129 a5 10 1 -3
37 obzsy tooz 1ig | o4s 10 1 A E:
28 9 1231 {203 | 119 ! ss 10 1 S
- 23 0 {10 | 205 | 119 | 45 | 10 1| ‘
5 9] 55 § 203 | 119 | 45 | 10 1 ; -
. 31 ¢ 1) ozo2 oy 119 1 45 : 1 ! }
: 32 - Y 6 1203 1119 ] 4 10 1 §
33 g ‘11 703 | 113 | &5 1¢ 1 4
i MY Ny 203 | 119 g 10 5 )
354 : a ooz a9 | oas 10 1!
16 ) €3 1 119 | 4¢ 10 1
Y -0 o8 | 119 | 4% 10 1
38 | 0 7 119 | 4y 10 |7 1
- 3G 0 1| 119 | 45 16 1 -
vl a1 a | 427 {663 {a91 | 220 66 12 1 -
P 1 n | ozaz | 537 {484 {220 55 17 1
23 o O 1250 j 37 434 | 220 25 17 -1
N } 3 {157 | 536 lasa | 220 66 12 1
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27 454

2g |l 0 434|441 10 66

29 ] - 323 1441 1 66

3 i - 193 {441 | 219 £% 12 1

31 , ' 31 1407 | 219 £6 12 01

32 1 - o 31 1362 | 219 66 12 1

23 : ) 6 |332 | 214 - 6k 12 1
- 34 N o 1322 | 209 66 2 1

b}

35 o - ¢ 30p | 2no 6
' : 202 | 209

L - 0
- 37 K 01 92 } 209
: 4 )
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e el el

e

M . 29 1838 66 2
294 t s 170 66 2
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Comparison of the entries in Tables 7, €, and 9 reveals certain 4 3
é equivalences; thus Q* = 6, QD = 38 will result in identical perform- é'w,w %
3 ;? ance, because the polyromial expressions for PrE a2 P(TE|11D) are rjid,ig
3 icentical. Three equivalences (2, 12; 4, 26), (2, 16; 4, 30), and k. %
: Z. (2,173 4, 31) between Q_ = 2 and Q_ = 4 are shown in Tables 7 and ' | ;
% .- o 8. Tables 8 and 9 show 11 equivalences between Q+ = 4 and Q = 6, ﬂ? ~3
fé3f~i: . ranging from (4, 16; 6, 24) to (r, 27; 6, 39). In a sense, therefore, .? __é
jz‘ therv will be greater differences in performance between Q+ = 2 ard E _;\\¥'> .;
:g Q = 4 than between Q =4 and Q, = 6. T _*m?; §
;?1: The choice of Q_ determines the degree to which Q  can be ad- %, E
: justed to realize a false-track establishment rate which is at or just K 2
?j belcw & stipulsted tolerable level. The degree of adjustment is ce- f? ?
lin termined by the manner in which the polynomial coefficients in - é
é_ P(TEITTD) decay with increasing Qo' It will be noted in the tables j
7§~' of the coefficients for P(TE!TTD) that the nth ccefficient is unity ;: Y
A§, when nQ+ = Qo - Qi’ which is simply an expression of the fact that Vi
- the only way track establishment can occur with this nurber of false fi\ -
fi detections is by a run of n false detections following tentative-track 3 :
i declaration. The velue of n increases by unity when QO is increased ;}—Jﬁﬁf
f by Qi’ and there are consequently Qi - 1 intermediate steps between i
y these major shilte in the pattern of coefficients. LY
5: A perhaps important secondary benefit of employing a higher value i'\\ 3
?f of Q* is that greater latitude is available wher combining multisensor ;’_\ ”i
| data of unecual aquality. Adopting Q+ = 4 for the best input (in the E f
-3 sense of minimum false detection rate) permits Q =1, 2, or 3 to be :
. used for detection reports from lower quality inputs. The choice
.E Q, = 6 gives even greater latitude in this regard. It will be seen,
ﬁf however, that higher values cof Q_+ result in increased processor -
7% burden. Accordingly, the value Q+ = 4 was taken for computation of 3 1
3 the polynomial coefficients for S = 18, the results of which are o 1
b riven in Table 10. if j
ks E
; 62 | b




R
YRy

W~
NN OV NN

RSN IR §
Ca 4 AN N WY

¢

et
LA A}

N~ M
NN N PN

ISV
e et

wr )

It

T 3T ¢ ST 918 TGy 9S8 566471 Lig:r 5692 1
T 31 SST 918 G386z L9573 95131 yagy £SLS £L
1 8T €51 3913 5900 L9588 2sE81 (8L 68711 LeL L
T BT ¢St 918 0s0¢ £958 SzvaT £528Z L3881 348 O
T 81 €51 918 030z 8963 ZLusT 88v6~ Tep5¢e &s1¢ i1
T 8T £ST 918 090% 8958 97 .81 : 6856¢ LESY YA
T 81 €8T 918 09ce 8958 /.58 rCoLe Zr98 Lee
T ST £8T 318 0S50z B9S8 LuS8T C1T1g 60€5% 88:v1 Gt G C
1 8T ¢St a18 j6=T61Y 6958 35581 eE T 089LE T9: 12 $191 Z1 c
T 81 £sT 918 09Gx 8958 £968T €251e (o8} 233 er(8z @6Zs LS o
T 8T ST 918 usog 8g¢cr £9SBT stz SCo0Y 14612 2BLS L1z C
T 31 €St 978 ¢90¢ 89G- £9681 BEGTSE LGy 1906Se LTLE £25 u
T 81 £S6T 918 090 $s8 75587 TS 0Ttey S0L8¢ LTppl L211 €1 G o
T 8T g8t 918 090% 8958 r95BT JATA ovezr 6peCy 60961 1ice T C ¢
T 8T €8T 913 193 8Ys8 v9S81 LOBTS 010e Y eeely buLve ¢ 8¢ TLiT C 9]
T 8T £ST 918 U30f 8958 7aS8T L081% 181y 9C9: v 9BTILE STES T19¢ G C
T 3T £ST 918 090% 8953 p9S8T tZ81s Segsy £53pY ESILE 9148 vsL 71 C
T 97 GeT 659 L08T Lol ceiL Z2L0GT tey 1
T 21 0zl 6SS L0871 LEZY ceLL ZzLit 9ozl 2}
T 91 Gzt €SS L0317 LeECy [AANA cCLol [ ° [
1 T (/S £59 L0681 tecy ceiL 22L0T Gi0Y 611 G
T 9T et 655 L08T [VRAY 2Ll Z2L01 €551T ile 1
1 °T Gel 655§ LG8T 1Ay 2Ll Z2et0t V5T v8L L
T °T (G £S5 403t [STAY CZLL ZLUT €651 08T H7
1 aT et 056 £03T Lely ZZLL ZZLUT 5311 Su7y X L
1 Ehs (21 2SS [aRA4 2Ll [SVACHY €3S5TT 285 €2 oL
1 aT (A1 65§ Cely ZZLL ZZL0T £5S11 Lu9e gl b
| 1 9T cet €5s LEZy Ll Z2eL0T €551 Croe | vIE o
1 91 02 €55 ey oLl 2TLGT €SS LT Luse EUOT ¢
.H 9T 655 £.G31 CLLL 22401 ©5STT Gvot vLLZ 1 "
N 91 655 Le81 ZILL 7ZL01 €551 Groe vLiv S L
T 91 €56 LLBT 2Ll ZeL0T £58T1 sl S ot <
T 91 £5% LERT ZeLd &0t €651T Lrae yI1e v <
T 1 6593 L0BT ol grLoT £S55T1 Lol v 19 L kt
31 LT 91 ST 7T 21 PR T Gt € g L ¢ 5 v p=
+. - s o
SiGOS 81 = U ¥03 SLNITISIAL3I0D TYIWONATIOL 01T Z71d¥L




AR

g

R T

A

R e S i

i

2. Performance Results

Table 11 presents values of the probability of track establish-
ment obtained with processing over 12 scans, as a function of Q, for
Q. = 4, PD = 0.7, 0.8, and 0.9. Table 12 gives the same results for
processing over 18 scans. Table 13 presents values of the average
number of false established tracks per hour, as a function of Qs
that are obtained with various values of PPD and with processing
over 12 scans. Table 14 gives corresponding values of the average
false-track establishment rate for prccessing over 18 scans. Com-
parison ofAﬁhe vaiues obtained for RFTB with § = 12 with thcse obtained
with S = 18 reveals that the QO used with S = 18 must be nigher by
1 to 3 to achieve approximately equivalent false-track establishment
performance. However, the improvement in real-target track establish-
ment performance in going from S = 12 to S = 18 more than offsets the
effect of increasing Qo' Thus, for S = 12, QO = 24 yields apprexi-
mately the same false-track performance as for Qo = 27 with S = 18.
Despite the increase in Qo’ however, the value of PTE obtained
(referring to Tables 11 ard 12) increases from 0,57 to 0.86 for

PD = 0.7, and from 0.84 to 0,99 for PD = 0.8.

Tables 15 thrcugh 18 give the maximum tolerablie values of F?
to realize <tipulated false-track-establishment rates and the valﬁcs
of PD required to achieve a real-target track-establishment probability
of 0.85. Comparison of the results for S5 - 12 (Tables 15, 16, 17}
indicates that no choice of Q+ yields clearly superior performance.
However, the increases in the required values of FD for a unitv increace
in QD are csomewhat smaller for the larger values of Q- Thus, the

processor can adapt to changes in P.. more efficiently if Q+ = 4§ or

FD

6 than if Q, = 2. The advantages realized, however, are only impor-

tant if small changes in the required value of Pn are significant,

Comparing the results of Table 16 (S = 12) with those of Table
18 (8 = 18) again reveals the dramatic reduction in the required
values of PD obtained with the longer processing period. Conversely,
the values of PPD which can be tolerated with § = 1t are roughly
double those which can be tolerated with § = 12,

64




— - " A 2 e ot et
e v T (G T IR TP TR S N AT S ot e L .|

TABLE 11. PTE FOR Q TEST: Q+ =4, 5 =12

% o7 .8 .9

15 .8683 .9755 .9988
16 .8533 .9678 .9982 3

9 17 .8353 9627 .9979 ;
1 18 .8144 .9551 .9971 i
3 19 27730 .9393 .9955

?

3 20 .7360 .9248 .9939
] 21 6997 .9089 .9919
1 22 .6667 .8927 .9897
i 23 6422 8777 .9864

5 24 .5749 .8370 .9788
i 25 .5235 8075 .9741

: 2, .4850 .7680 .9632

] 27 L4404 .7422 .9552

; 28 .4290 .7301 .9492

29 .3385 .6410 .3170

50 L2775 .5809 .8953

31 .2368 5283 .8628

£ 52 .2249 L5111 .8508
1 33 L2249 5111 .8508
] 34 \1333 .3565 .7253

65

AR R Sy o o
s aen U RE R S A v




e L e R e R e S

TABLE 12, P

IE

FOR Q TEST:

Q+

TN TR AR N T AT TSR T T TR TS W TR T

.7

.8

9

15
16
17
18
19

20
21
22
23

25
26
27
28
29

30
31

+9456
.9428
9402

9360

29317

»9256
.9200
.5136
.9038
.8939

.8827
.8713
.8608
.8418

8251

.8042
+7885

.9933
«9991
.9989
.9985
9981

.9975
.9970
.9962
.9950
.9937

.9921
.9903
.9882
.9846
.9809

.9760
9714

1.0000
1.0000
1.0000
1.0000
1.0000

1.0G00
1.0000
1.0000
1.0000

«9999

»9999
.9999
.9998
«9997
+9997

.9995
.9994
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TABLE 15. Q-TEST PERFORMANCE SUMMARY (Q+ =2, 5 =12)
PPD for PD for
Rprg = Rpmg™ Rppg™ Pog =
QO " 1/bay 1/Hour 1/Minute 0.85
S .00242 .00452 .01000 e711/2
:% 10 .00358 .00612 01237 . 733906
* ; 11 .00441 .00733 I ,01419 76094
: l 12 «00569 30905 01678 « 79375
13 .00684 .01067 .01928 .81406
14 00800 .01214 02179 .83281
15 .00956 .01430 .02459 .86719
16 «01137 01667 .02797 .88281
17 .01241 01786 «02934 89531

' | 69




TABLE 16. Q-TEST PERFORMANCE SUMMARY (Q+ =4, S =12)

PFD for PD for
Rppp = Rpqg = Rpqp = Pop =
Qo 1/Day 1/Hour 1/Minute 0.85
15 .00219 .00394 .00853 6820
16 00266 .00459 .00953 .6984
17 .00297 .00506 .01025 .7078
18 .00328 .00547 .01206 .7383
20 .00434 .00703 .01344 7523
3 21 .00486 .00778 .01456 .7656
; 22 .00534 .00841 .01537 7766
23 .00562 .00869 .01569 7852
24 .00637 .00981 .01766 .8062
25 .00722 .01106 .01966 .8180
26 .00806 01212 .02109 .8328
27 .00852 01266 .02166 .8414
28 .00862 01275 02172 8461
29 .00987 ,01462 .02497 .8703
: 30 .01137 .01666 .02797 .8828
s 31 .01241 .01784 .02934 .8953
H
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TABLE 17. Q-TEST PERFORMANCE SUMMARY (Q+ =6, S =12)
PFD for PD for
Rppp = Rppp = Rpqp = Rep =
Q0 1/Day 1/Hour 1/Minute 0.85
21 .00195 .00346 .00741 .67188
22 00220 .00384 .00809 .68359
23 .00241 .00418 .00878 .68906
24 00276 .00460 .00953 .69844
25 .00292 .00504 .01025 . 70781
26 .00328 00546 .01078 . 71875
27 .00348 00570 .01103 . 72813
28 .00355 ,00576 .01109 73438
29 .00397 00634 .01219 . 74237
30 .00434 .00702 .01344 .752%4
31 .00486 .00777 .01456 .76563
32 .05 34 00840 01537 77656
33 00562 00868 .01569 . 78516
34 .00569 .0087% .01575 .78984
35 ,00569 .00876 01575 . 789R4
36 00637 .00982 .01766 806725
37 L0722 .01104 01966 81797
38 00806 012173 02109 «B3281
39 .00851 017266 .02166 84141
71
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TABLE 18. O-TEST PERFORMANCE SUMMARY (Q* =4, S =18)

PFD for PD for

Rere = | Rerp = Rprg = P =
QO 1/Day 1/Hour 1/Minute 0.85
1 15 .00215 .00381 .00797 .55547
9 16 .00256 .00434 .00863 .56563
1 17 .00284 | .00473 .00922 .57422
1 18 .00320 | .00523 .01000 .58516
1 19 .00361 .00578 .01078 .59609
3 20 .00402 .00633 .01156 .60625 S
3 21 .00439 |  .00681 .01219 .61563 S
E 22 .00475 .00723 .01269 .62422 3 3
3 23 .00520 | .00786 .013€6 .63594 '
| 24 0057 .00848 .01459 .64688
3 2t .00614 .00911 01547 65625 -
1 26 .00658 .00965 | .01509 .66563 ’
] 27 .00691 .00997 .01647 .67344
3 28 .00748 .01078 01772 .68516
3 29 .00809 01159 | .01891 .69531
3 i
f 30 .00867 0123 .01984 | .70625 [
5 ) .00911 .01281 .02041 . 71406 E
3 72




Finally, it will be noted that the results generally reflect
the value of fixed-target-removal processing if the frequency of
occurrence of such detections -is comparable to that for random false

detections. In Table 16, for example, doubling the value of PFD

forces an increase in the required value of P_ by 10 to 18 percent.

D
A similar effect is found in Table 18, as well.

3. Processor Burden

A cumbersome analysis along the lines of the processor burden
calculation for the run tests indicates that an upper bound oi the
burden for gernerating subsequent correlation windows (for the Q
tasts) is

Q. NP P
< _ 1 FD "1 . (22)
s~ T{IFP) (I(Q D) P, ]

This expression, which is analogous to Eq. (19), is scomewhat im-
precise for larger values of Q+, and of course does not refloct the
fact that many faslse tentative tracks will be discarded after S scans.
Indeea, a more precise expression, for Qi = 3, Q_+ =4, and 5 = 12 is

3 NPoy By .

r
n, < —E2 2 1y s p w5 r? w15 B (24)
2 1+F “ - -
1

is obtained. The discrepancy between Eq. (22) and Egs. (23) and (J4)
2 5% Fpp
0402, the value F, = D,10025 is obtained. The factoer l/Ll-(Q++l)Pﬂ4

of Eq. (22) is then 5.0 for Q = 4, but the bracketed quantitices in
+ ’

is most important for larger values ot Pye Thus, for N

Eqs. (23) and (24) are ¢.5 and 3.1, respectively. However, the

discrepancy is less than il percent for FFD = J.01.
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4, Comparison With the Run Tests

A number of specific ccuiparisons have been made between the u-
test performance results and those for the run tests. Table 19 gives
a comparison of the polynomial coefficients which may provide some
analytical insig*t regarding the differences. The run-test coeffi-
cients have been cist ints> *he form of the Q-test coefficients,

"using Eqs. (12) and (14). The (-test coefficients that are shown

are for vslues of QD which yield the same leading terms in the

polynomial expressions. Table 19 also lists® the binomial coeffi-

cients (which are upper bounds on the possible coefficient values)
for'purposes of comparison. The coefficients listed are fcr S = 12,
Q; = 3, and are tabulated under the number, n, of detections oltained
o;er 12 scans for PTE and over 10 scans for P(TE|TTD).

Examination of the coefficients of PTE reveals that the Q-test

coefficients more closely match the binomial coeffi_ients than the
run-test coefficients; this fact is especially important at the

¢xpected values of n. For PD = 0.7, the expected number of detec-

tions in 12 scans is 8.4. The coefficient for R =5 at n = 8 is
only 35 percent of the maximum value, while the corresponding Q-test

coefficients are 99 percent of the binomial coefficients. At n =9

b
the run-test coefficients range from 18 to 64 percent of the binomial

coefficients, while the Q-test cuefficients are at least 37 percent

©of the maximum value. Thus, from the standpoint of track establishment

for real targets, the Q-tests enjoy a significant - !vantage becauze
<f the more efficient weighting given to the most likely detection

seguences for values of ?D in the range 0.7 tco 0.9. For values of

P above 0.9, the differences in weights are less significant. For
R =

7, nowever, the differences are still ~igrnificant at PD = 0,95,

Examiration of the coefficients for P(TBITTD) reveals that al-
though the leading terms for the run tests and the most nearly
equivalent Q-tests are identjcal, the higher order coefficients fer
the Q-test coefficients are substantially greater than those for the

run tests. Thus, the most nearly equivalent Q-tests will exhibit

b3
Under the column heading X/12.
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B
s significantly higher false-track establishment rates than the run %- f
tests, unless P, is quite small. The extreme example of this is k.
ﬁ? obtained frecm cgmparing R = 7 with Q = 6, QO = 33. This Q-test i j
3 will exhibit st least twice the false-track-establishment rate of - ?i
‘f: . the run test unless P, is less than 0.005, which corresponds to Pp. é ?
il being less than 3.00056 for N2 = 9, ; f
i This is not to say that the perfecrmance superiority of the Q- }; ?;
Ef tests is in doubt. A single example will illustrate this point. .%: ;
¥ The run test R = 6 will be compared with the Q test Q+ = 4, QO = 15 ;

T

26 for § = 12. The difference in the probability of track estab-

e

lishment is given by

a8
.
o

&

¢ Prp (Q =4, Q) 7 26) - P (R=6) =
: (25)

19 2F . 4 -

3 B (1 - P3%lo) + 108 x - 46 X7 - 36 %7 < 7 %]

3 where
_ x = (1 - P)/Py.

-g This difference is positive (and PTE for the {-test is greater than
4 PTE for the run test) if the bracketed quantity in Eq. (25) is posi-
) tive, whicn is clearly the case if x is suificiently small. The
f smgllest positive root of the bracketed quantity is x = 1,235,

f wnich means that pTE for the Q-~test is superior to PTE for the run
test if x < 1.235, or if P, > 0.45. At Py = 0.45, the value of

g Ppp for the run test is about 0.036, so that the Q-test is superior

;%L to the run test in {rsck-establishment performance against real
4 targets for any useful value of PD.

2 Next, the difference in the conditional probability of false-

4 ' track establishment is given by
!

% P(TE|TTD,R) - P(TE|TTD, Q) =
3
3 (26)

-3 - 4 3 2 5
Po(1-p) [y + 6y +uy’-99y7 - 50y -4l
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where

This difference will be positive (and the average falsu-track
establishment rate for the run test will be greater than that for
the Q-test) if y is sufficiently large. The largest positive root
of the bracketed guantity in Eq. (26) is y = 3.059, which reans
that the run-test false-track establishment performance is inferior
to the Q-test if P2 < 0.246., For N2 =9, P2 = 0,246 implies PFD =
0.039, and the average fglse-track establishment rate at the rross-
over point is found toc be RFTE = 14 false established tracks per
minute. Thus, the run test yields inferior false-track establish-
ment performance to that of the Q-test whenever the false detection
rate is sufficiently low to yield practically useful values of R?TE‘
However, it is te be noted that the processor burden for generating
subseqguent correlation windows with the Q-test is 3 to 8.4 times

that of the run test under these conditions.

This example illustrates the point that it is possible to rind
a Q-test that iz, for all practical purposes, uniformly supericr
to a given run test, from the standpoint of track-establishment
performance. Tha price paid i: one of increased burden for the
track-2astablishment processor, but the added burcen is primarily
quantitative in nature, because the association and decision algo-
rithms needosd Trr o rhe J-tests arce only slightly more compli-ated

than those recuired for the r1un tests.

D. RECAPITULATION

The nominal impliications of the results obtained above and in
the previous secticn will be revicwed in the following operational
context, It is again assumed that the surveillance sensor scans
480,000 resolution cells, taking 90 seconds per scan. The corre-
lation windows are as.umed to coantain Nl = 32 and N? = 9 pesnlu-
tion colls for initial and subscuuent correlations, respectively.

1t in assumed that 1 porcent of the resolution cells will contain
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sources of fixed-target detections and that the random false-
detection probability is PED = 3,01. It is assumed that the prob-
ability of a detection report from a single source of fixed-target

detections is 0.75.

The processor will, therefore, receive an average of 8400 de-

Lréspin

tection reports per scan, or about 93 per second. If the surveili-
lance sensor is situated on a moving platform, coordinate trans-

formations will be required for each report, for the purposes of {7
both fixed-target-removal processing and association with tentative ;
and established tracks. b

The results presented earlier® indicate that the probability
of desensitization (less of a real-target detection report because
of prior occurrences of random false detections in the same resclu-
tion cell) is of the order of Q4,03 for fixed-target-removal processing =
with k = 2, n = 4, and less than 0.001 for k = 3, n =5, For k = 4,
n = 6, the probability of desensitization is completely negligible.
The data-storage burden for fixed-target-removal processing will be
n = 4, but z
the diminution of the effective probability of real-target detection

greater for k = 3, n= 5 or k = 4, n = 6 than for k = 2,
with k = 2, n = 4 can reduce the prcbability of track establishment
by as much as 10 percent. For the sake of discussion, it will be
assumed that the fixed-target-removal processing parameters are

chosen to be k = 3, n = 5.

The contribution of random false detections to the fixed-
target-removal processing burden must be taken into account, This
contribution is the same feor all three of the aforementioned sets
of processing parameters. The expected number of tentative and
established rixed-target locations which must be stored in the
removal processor because of random false detections is 14,260,

The average number of locations which must be stored for actual
sources of fixed-target detections is 4725, so that the total fixed-
target-removal processing burden is very nearly 19,000 fixed-target-

removal associations per scan, or about 211 per second.

Table 1, p. 32. 78 E. ‘




The random false detections and residual fixed-target detec-
ticons result in an effective value of PFD (as seen by the track-
establishment processor) of 0,01038. The average number of such
false-detection reports received by the track-establishment proc-

escor will be very nearly 5000 per scan, or 55 per second. The

effective value of P__ results in Pl = 30,2839 and P2 = 0.,08965. The

FD
average burden for generating inicial correlation windows is 3880

windows per scan, or about 43 per second.

The processing burden at this point is summarized in Table 20.
This part of the total burden is independent of whether run tests
or Q-tests are employed for track-establishment processing. None
of the operations listed in Table 20 require prediction cf the
target lccation on the next scan. The coordinate-conversion opera-
tion can be simplified or perhaps eliminated, &snd the fixed-target-
removal burden can be substantially reduced, if the surveillance
sensor is not on a moving platform. By using an wssentiaglly in-
variant catalog of fixed-target locations, this part of the Lurden
can be reduced to an average of 4800 data-storage locations and
53 operations per second. It is of interest to note that if fixed-
target-removal processing were not employed, the burden for initial
correlation window generation would be increased by 50 percent, and
the effective value of PF
would be 0.0175.

D

TABLE 20. PROCESSING BURDEN PRICR TO TENTATIVE-TRACK DECLARATIONM

seen by the track-establishment procescor

Data Storage | Average Number of Cperations

Operation Burden per scan per sec
Input Ruffering,
Coordinate Tonversion --- g,4a0° 93
Fixed-Target Removal
Association and Updates 20,000 19,000 211
Initial Correlation-
Window Generation 4,000 3,880 43
Total 24,000 31, 280 347

g
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Table 21 presents values of the average false-track establishment
rate and the probability of track establishment obtained using the run
tests. The average processor burden imposed by use of the run tests
is 1210 subsequent correlation windows per scan, or about 13 per sec-
ond. Table 22 presents corresponding results for the Q-tests, for
Qi = 3, Q_+ = 4, The average processor burden imposed by use of the
Q tests is 5450 subsequent correlation windows per scan, or 61 per
second, for 1l2-scan track establishment; and 5750 subsequent correla-
tion windows per scan, or 64 per second, for 18-scan track establish-
ment. Thus, the QQtests require about five times as much processing
as the run tests, but the burden in either case is a relatively small
part of the total burden prior to tentative-track processing exhibited
in Table 20. Compariscn of the results presented in Tables 21 and
22 indicates that the added burden for Q-test processing of tentative
tracks yields a clear-cut advantage over run-test processing if the
single-scar probability of detection is less than 0.9.

TABLE 21. RUN TEST RECAPITULATION

I or Poo= 0.7 > < = 0.8 P‘forPr’)}]
o for D YTE for PD TE D
N R""E RER 8:12 1 C=18 | u=6 S=17 |5=18 |S=6 8=10 |S=lg
it
Lo oter min L Sed L7100 et SBT3 L8 LO81 787 4 L8B3 ARRI
5 53 pur oain L10 LS00 L3 L3 L7329 .89, .50 .931 LURE
Y opor hour
b JWB5 per hour 118 LI9 LATR L7670 577 ity .531 L850 8T
7 L% e heur - .. 36 RETHN - LA LB0h .- 717 L899
6oL per dday
1 R rer oy --- 0T LUR - BN N 30 - SO0 B2
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V. PERFORMANCE IMPLICATIONS

A. A RESOURCE ALLOCATION PROBLEM

The performance of the surveillance system has been described
in terms of the mean false-track establishment rate, RFTE’ and the
probability of track establishment for real targets, PT.' There is
a trade-off between these twe quantities which can be ea.rcised at
the surveillance sensor (modifying the detection criteria so as to
change the false-alarm rat. and single-scan probabilityv £ detecti-n),
at the processor (modifying the threshold Qo)’ or both. The trade-off
can be empli.yed to maxinmize the value of the output of the surveilian.e

system to the user,

In general, when a track is established, the user will react
in some way. If a tanjyible resource is committed or expended, the
reaction will entail a cost to the user, which will be denoted by the
symbol CR. hext, a real target may be missed, meaning that the target
appears within the coverage domain of the surveillance system but no
resource is expended., This can occur either because the surveillance
system fails to establish a lrack on the target, or because the a il-
alle resources have been exhausted. The cost to the user for a mirsed
target will be denoted by CM‘ Finally, if a real target appe-»s, its

track 1s established, and a resource is expenrded, there is presumably

b

a gain to the user which will be denoted by G. The reaction cost

K
can be made the same for both false and resl tracks, any difference

being absorbed in 5. Thus, if a false track occurs, the cost to the

user is Cr ITf a real target is missed, the cost is Qe If a real
target is not missed, the net payoff to the user is G - CR'

1.. the abosence of constraints on the expenditure of resources,

thi net expected value to the user (assuming that costs and gains
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accumulate linearly) is

Vo = Np Ppp (G- Gg) - Ny Gy (1 - Brg) - N G

where NR is the expected number of real targets occurring during the

“ime period for which the vslue is computed, and N, is the expected

F
nunber of false tracks during that time. If no resources were ex-

pended, the expected cost tu the user wculd be

(@]
h

N, €

so that the net payoff for expending resources is

Vo + Gy = Ny P (G#+ Cy - C
jo) i

B. CONSTRAINED RESCURCES

The effect of resource constraints on the value to the user
depends on the nature of the constraints. One such constraint will
be considered here. It is supposed that the resources are periodi-
cally replenizhed to a level M. The time period between replenish-
ments will pe referred to as an epoch, and the duraticn of an epcch

and the expected value to the user per epoch

will be dencted by TE’

will be denoted by VM' The net payoff to the user per epoch is tnen

VM + CO. buring an epoch, the user can expend up to M resources.

I+ is assumed that the number of occurrences of real targets
during an epoch is a random variate governed by the Poisson distri-
bution with parameter NR. It is assumed that the targets are cta-
tistically independent, inscfar as track establishment is concerned.
Thus, the conditional probability distribution of the number of real-
target tracks that are ~stablished (given the number of real targets)

is govirned by the binomial distribution with parameter P Next,

TE®
it is assumed that the number of false tracks per epoch iy a raidiom

varigte governed by the Foisson distribution with paramcter erRFTF TF‘
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Finally it is assumed that the occurrences of false established
tracks and tracks established for regl targets are intermingled
homogeneously ir a staristical sense; this simply means that for
given numbers of false tracks and real-target tracks during an epoch,

ail time sequences during the epoch are equally likely.

With regard to the last assumption, it is to be noted chat if
the occurrences of real targets are clustered toward thé beginning
of the epoch, the results obtained will be conservative, because
the user will have less opportunity to waste resources on false
tracks before they have been allocated to real targets. Ccnversely,
the results will be optimistic if the cccurrences of real targets
are clustered toward the end of the epoch, because the pesources
for that epoch will have been depleted by aliocations to false
tracks. |

It is shown in Appendix B that the net payoff te the user per
epoch is given by

. — i ) H ol - - N S
i
b where
! M-1 w
' fN (X) = e-X [ Xm/mi + M E Xm/(m+l)i ]
m={ m=M

For M > 2.5X, f,

constrained cace yields a net payorf which is approximately the same

(X) is approximately unity; thus, the recource-

as that obtained for the unconstrained case if M > 2.5 (KF + XR ng)'

P
i The criterion for a positive net payoff per epoch is that
E
{ S S+ O, - 0 >, C
] M bpp (O - Ggi 2 i Gy
; ] wnich is identical to the criterion without the resource constraint.
I
r 1 N~ - .. o . - £ oot v 9 . N n N e 1“\ .‘l' N - -
The rosource-constraint factow, Ty (NF + NR PTE) reduces the net pav

of f when the above criterion is met, but reduces the lesses when the

i .

o
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net payoff is negat.ive because of high false-track establishment
rates.

A numerical example will be given to illustrate this “ast point.
The values G = 3 CR’ CM =3 CR will be assumed. A positive payoff
per epoch will then be realized if

> Np Ppp > Np

It is now supposed that the duration of an epoch is two hours, and
that targets will be in the surveillance domain for twelve scans.
Table 23 lists the pertinent parameters for the net payoff computa-
tion as a function of the track-establishment threshold, assuming

PD = 0,75, PFA = 0,01, and Q+ = 4, The values of the net payoff per
epoch are normalized with respect to CR, and are given for the uncon-
strained case and for M = 4. It is assumed that NR = 2.

TABLE 23. NET PAYOFF PER EPOCH

% | Fre | Rere Ng Pre | Np Vo v Cy | Vo Gy
(per hour) "T%;"' _-DR
21 .819 5.09 1.64 . 10.18 -1.98 - <67
22 | .793 | 3.24 - | 1.59 6.48 | +1.47 + .72
23 | .772 | 2.63 1.54 5.26 | +2.44 +1.39
24 | .715 | 1.10 1.43 2.20 | +4.95 +4.15
25 672 .46 1.34 .92 +5.78 +5.48
26 | .623 | .22 1.25 .44 | +5.81 +5.68
27 | .592 | .15 1.18 .30 | +5.60 +5.51

The tabulated payoffs indicate that for the assumed conditions,
the payoff will be negative for Q = 21. The resource constraint re-
duces the loss per epoch by a factor of almost 3 at QO = 21, but at
Qo = 24, the resource constraint only reduces the payoff per epoch
by 16 percent. Finally, the optimum value of Qo<is.seen-to be 26,
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- but the constrained payoff obtained is within 94 percent of the
* .uncorestrai.>d maximum 1f Qo differs from the optimum value by % 1.

RTINS

Finally, it is to be noted that the net pavoff for a "perfect"
survceillance system (PTE =1, N? = 0) for this example would be simply
NR (G + CM - CR), which would be equal to 10 CR for the values assumed.
4 The realizable system treated in the example, therefore, attains a

T
I
e

35{ net payoff which is 57 percent of that cf the perfect system with
Iy M = 4, and 58 percent without resource constraints.
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VI. RELATED PROBLEMS AND ISSUES

A. MULTI-SENSOR CORR:ILATION

l. Some Generalities

The preceding discussions have dealt primarily with the track-
establishment process for surveillance data obtained from a single
scanning sensor. The sensor (e.g., a helicopter-borne surveillance
radar) is assumed to report the instantanecus locations of apparent
targets moving on the surface of the earth without scan-to-scan
interration. For several reasons, the use of multiple inputs to
the track-establishment process warrants consideration.

First, when more than one radar is employed, the simultaneous
coverage available to the system is obviously enhanced. For
helicopter-borne radars, the possibility exists of continuing tracks
initiated or established by the data from one radar with the data
from another at a later time. If the radars are operated with over-

lapping coverage, the available data rate may be effectively increased

in the joint coverage regions. Alternatively, the coverage provided

‘may be complementary, when targets which are masked by terrain from

one radar are exposed to the other and vice versa.

The possibility also exists for employing nonscanning sensors
as adjuncts to one or more radars. Of particular interest are
presence-determination sensors such as remote intrusion-detection
devices, which could be employed to fill in coverage gaps of the
radars due to foliage masking, or to provide target-classification
or threat-ordering information not ava®lable from the radar.

go  Preceding page blank



it is to be noted, however, that the introduction of multiple
sensors in the track-establishment process introduces complicatidns,
not the least of which is-that of achiebing satisfactory registration.
In this context, registration'refefs to the degree to which the lo-
cations associated with detections of the same target by different

sensors will agree sufficiently well to permit the detections to be
nutually associated. The problem of registration applies to discrete
clutter elements (fixed targets which are detected as moving targets |
by the radar) as well as to moving targets. The manner in which

the registration problem influences fixed-target removal is not the
same as the influence on moving-target-track establishment, however.

Other complications result from the possibility of overlapping
coverage by two or more scanning sensors; the desirability of main-
taining tracks initiated or established by one patrolling sensor
when a subsequent patrclling sersor is covering the region through
which the track is moving; and the task of introducing presence-
determination data from nonscanning sensors. These points will now
be discussed.

2. Similar Sensors

The first situation to be considered is that in which two or
more scanning sensors are providing data to the track-establishment
processor. The simplest (and least interesting) case here is that
in which the coverage regions of the individual sensors never in?er-
sect, either simultaneously or at different times. In this instance,
the complication is simply additive; the processor deals with 2ach

of the sensor inputs independéntly{

The next case is *hat in which two scanning sensors have over-
1appingﬁgpverage. Thus, suppose that two radars each provide coverage
over a circle of radius R and sre separated by a distance D, with ‘
0 SD s 2R. The fraction of the total area covered by the two radars

which is jointly covered is given by
Rg/Ap = £(x)/11 - £(x)]
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where
f(x)

(l/ﬂ)[?rccos X - X ‘/1 - x2 ]

X = DBf2R

angd

Table 24 gives values of AO/AT as a function of D/2R

TADLE ¢4. FRACTIONAL OVERLAPPING COVERAGE

_.:: D/2R AO/ AT
9 9 1
3 6.1 0.774
0.2 0.595
; 0.3 0.453
| 0.4 0.337
18 0.5 0,243
SR 0.6 5,166
| 0.7 0.104
I 0.8 0.055
5 0.9 0.019
1.0 0
kL Thus, if the radars each have a range of 20 km and are separated by
é- a2 range of 16 km (D/2R = U.4), then about one-third of the total
l{ surveillance area is covered® by both radars.
; The question then arises as to what should be done with apparent
f’ target-detection reports from the two radars in the overlap region.
1 . The simplest solution is simply to ignore the detecction reports from
f% one of the two radars in the overlap region; this can be accomplished

b
This statement ignores the effects of masking due to terrain or
foliage. However, if the masked regions are small compared to
the overlap area, and uniformly distributed, then the ratiocs cf
. Table 24 are still valid.
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by deleting reports from the data transmitted by each radar to the

track-establishment processor either at the radar itself or in the

processor. However, it is .to be noted that in the overlap region,
the effective data rate available to the processor is just the sum
of the data rates from the individual sensors. Thus, for two radars
operating at simultaneous scanning rates, it should be possible to
reduce the time required to establish tracks by one-half. At this
point, it is necessary to consider the class of track-establishment
procedures being used by the processor.

A major complication from display-integration procedures ‘such
as the time-compression technique) arises from the fact that tne
inputs from the multiple sensors will generally not be synchronized.
It is therefore unclear as to how nonuniformly spaced inputs can be
stcred Ly the display processor for effective integration by the

- cperator. The scan-to-scan correlaticn techniques that have been

analyzed in this report do not depend on synchronism, however. The
tentative-track declaration process and the autometic track-establishment
can be employed with asynchronous inputs.

Considering the fact that moving-tafget detectability for a racur
depends on the range-rate exhibited by the target tc¢ the radar, the
use of two radars with overlapping coverage should enhance the cetect-
ability of targets moving along meandering routes. That is, a target
moving with a speed well above the minimum detectable range rate can-
not simultaneously exhibit a low range rate to both radars. A target
moving along & meandering route will be seen by one radar and then the
other; the result of combining the two sets of detection reports may
result in track establishment where éuch would be unlikely on the
basis of reports from a single radar.

With regard to fixed-target-removal processing, the tentative
conclusion reached in this study is that such processing should be
done on an individual-radar basis®. The justification of this

R
This does not preclude the possibility of maintaining a library
of well-established fixed targets (which consistently yield de-
tection reports) in the processor.
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statement is that manyv discrete clutter targets are strongly aspect-
dependent, beth as to the effect of the target echo on the radar
processor and as to the apparent location of the resulting detection
report from a given radar. Thus, two radars may not both report
detections from a fixed target, and if they do, they may report
Jif{erent apparent locations ¢f the target because of differences

in the geometry of the back-scattering process.

The third case to be discussed here has to do with patrolling
seusors, in which a region which was covered by one sensor is now
bei g covered by the other. The scan-to-scan correlation processing
techniques considered in this paper enable the continuance of a track
which has besn established on the basis of reports from the earlier
sensor on the basis of detection reports received subsecuently,
without recuiring reestablishment by the later sensor.

Assuming that the coversge of the later sensor occurs scon
enough after the coverage of the earlier sensor, the tentative tracks
declared on the basis of reports by the earlier sensor can be con-
tinued and established using the reports of the later sensor. This
capability erfectively increases the available scan-to-scan integra-
tion time for a given patrol speed, and therefore may significantly
increase the probability of track establishment and/or permit
greater patrol speeds.

This admittedly qualitative discussion has indicated in a
general way some of the advantages to having multiple-sensor inputs
to the track-establishment processor. To recapitulate, the advantages
cited include (in addition to the obvious one of greater geographical
coverage) the possibilities of faster track establishment, more rc-
liable track establishaent against targets following meandering
routes, longer track life and higher patrol speeds. In addition,
it may be possible to achieve more precise target locations under
certain conditions. The potential for realization of these benefits,
on the other hand, is strongly dependent on the kind of processing
employed for track establishment. Apart from processor sizing

93




kol

Cooe T T TR IR ARSI A e o

3
s

considerations, the automatic scan-to-scan correlation procedures
are insensitive to the use of multiple inputs. Manual (display-
integration) techniques are not as well understood in this regsrd,
because of the question of dealing with asynchronous inputs.

3. Presence-Determination Inputs

This section presents a discussion of possible interactions
between a fixed or petrolling scanning sensor, the track-establishment
processor and an array of fixed presence-determination sensors. Ex-
amples of presenée-determination sensors include remote seismic and
acoustic intrusion detectors and various types of "trip-wire" devices,
including remote photoeiectric sensors which report when a light
beam is interrupted. In their most rudimentary form, presence-
determinaticn sensors provide an indication that a target of interest
is proximal tc the sensor itself, of has traversed a region proximal
to the sensor. More complex configurations provide target signatures
which may be useful for target enumeration or classification. Such
devices are usually adapted to the intended operational environment.

A properly emplaced seismic sensor, for example, will provide target-
presence determinations regardless of the weather conditions, and is
not affected by foliage masking.

Conversely, the coverage provided by the types of presence-
determination sensors considered here is usually quite limited (e.g.,
to ranges of a few hundred meters) by comparison with possible
helicopter-borne search radars, which may have ranges of 20 kilometers.
Typically, individual presence-determination sensors dc not provide
data as to the direction of movement of the target; however, such
data can be inferred by associating multiple reports from an array
of such sensors. It is possible to deal with the track-establishment
problem solely in terms of arrays of presence-determination sensors,
but a detailed discussion is beyond the scope of this paper. It will
suffice to say that coverage of a large perimeter in sufficient depth
to permit target tracking for a sufficiently long period of time may
require many hundreds of sensors, with attendant problems of providing
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I communication lirks between the individual sensors and the processor,
g and of providing effective means for integrating the sensor outputs.
I Nevertheless, such an approach may be attractive in heavily foliated
; areas where target detection or tracking by helicopter-borne search
EF radars is not possible.
|
* The viewpoint taken in this discussion is to regard the scan-
E - ning sensor and the fixed-sensor array as complementary and mutually

. supporting elements of the surveillance process. The scanning sen-

E sor provides large-area coverage over open regions and periodically

f E updated target-position information. The fixed-sensor array provides
E { complementary coverage in masked regions and data for threat ordering.
1 : » In this context, tracks established via reports from the scanning

3 sensor can be employed to control the monitoring process for the

fixed-sensor array. Conversely, detection reports from elements of
; the fixed-sensor array can be employed to initiate or assist in

: establishing tracks based on reports from the scanning sensor, and
can provide continuity for such tracks in masked regions.

Y

The manner in which inputs from the presence-determination
sensors are used with scan-sensor reports in the tracking process
deserves comment, The integraticn process can be accomplished in
several ways, and the choice depends on the confidence which is

B attributed to the presence-determination reports. Assuming that the

: frequency of real targets is low (e.g., less than 10 per hour) and

1 t that the false-alarm rate from the fixed-sensor array is low (e.g., .
i less than 10 per hour), integration can be accomplished by the

E processor-display operator. On receiving a detection report from
3 the fixed-sensor array (displayed at the location of the reporting
] sensor with appropriate means for indicating the uncertainty in

target location if this is greater than the corresponding uncertainty
for seanning-sensor reports), the operator would first call for a
display of any tentative or established tracks with the most recent
report in the neighborhood of the presence-determination input. Based
on the apparent quality of the tentative track and the confidence in

" . o
o

3
3
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the presence-determination input, the operator could declare the track
to be estgblished, or increase its quality number by a specified
5 amount AQ, .

5
il
i

In the absence of a tentative or established track which can
be associated with the presence-determination report, the operator
can use the presence-determination report to initiate a track, with
'%i the initial quali-y number Q; determined by the confidence in the
: | report and the size of the initial correlation window determined by
the uncertainty in the apparent target location. Subsequent detection
reports from the scanning sensor would be employed to develop a ten-
tative or established track history in the usual manner.

The same procedures could be accomplished automatically. Such
a configuration would be essential if the total false-alarm rate

]

Al
4

from the fixed-sensor array exceeded the capabilities of the operator.
Such inputs would not be subjected to the fixed-target removal
proceduret, but would be associated with existing tentative or es-
tablished tracks or used to initiate new tracks.

An alternative approach exploits a feature of certain presence-
determination sensors, which is the capability to store detection

O BNl

reports; readout from such sensors is accomplished via a command

link. 1In this case, the readout process could be controlled via
the occurrence of apparent tracks (based on reports from the scan-
ning sensor) passing in close proximity to elements of the fixed
sensor array. This approach would tend to minimize the channel

R 4 o A I B 35025

capacity required for readout from the array, since an element is
interrogated only if (and when) a tentative or established track is
passing through the coverage region for that element.

4, Other Interfaces

. It is also possible to regard the scanning-sensor/track-
3 establishment configuration as a means for vectoring specialized

TCertain procedures for the removal of spatially correlated
false alarms might be needed, however,
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mobile sensors, whose function would be to provide track condirmations,
threat descriptions, and improved *arget localization. Sensors of
this type would include imaging electrcoptical devices, which can
provide a visual picture of the target. The field of view and other
limitaticns of these sensors tend to preclude their use for area
surveiilance. Used in conjunction with real-time target-tracking
data, however, they could be directed to examine relatively small
regions.

B. MAP CORRELATION

1. Concegts

There are several ways in which map data can be employed in
conjunction with scanning sensor output. The simplest of these
permits the processor to ignore inputs from regions in which targets
either will not be detected, or in which any targets detected are of
no interest. Thus, inputs would be ignored when the sensor is scan-
ning regions which are known to be target-free (impassable terrain),
in which targets will be masked (by foliage, for example), on regions
known to contain only targets which are of no interest to the sur-
veillance-data user (e.g., areas containing only nonhostile targets).
The effect of such deletions in the processor input is to reduce the
computational load for track establishment, and, if the deleted regions
represent a significant fraction of the total area under surveillance,
a reduction in the overall false-track establishment rate.

The censoring process just described could be controlled man=- 7
ually by providing the operator with means (e.g., a light pen) to é
define the regions to be ignored by the processor. (The same feature '
would permit the operator to delete regions in which targets cannot
be detected because of background or clutter conditions.) Alterna-
tively, preselected regions to be ignored could be defined in terms
of polygons for storage in the processor. Such features could also |
be employed to define regions in which targets cannot be detected :

because of background conditions.
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Another map correlation technique is to modify the processor
track-establishment criteria according to the geographical relation-
% ship of areas under surveillance to key points. Thus, less stringent
criteria would be used for areas where early track establishment is
ﬁnpoftant; for example, because hostile forces in such zreas would
jeopardize installations or friendly force elements.

%.3 From the standpoint of track establishment as such, perhaps
the most important map correlation technique is that which exploits
knowledge of routes over which targets are likely. to move in the

scan-to-scan correlation process. If the surveillance region can

ey

Y ORI I

be confined to a known route structure, then several benefits sccrue.

PP Pk Ao

3 Such a route structure can be stored in the processor as connected
sequences of line segments®. The route structure is obtained from
maps or from reconnaissance imaging. In prirciple, it is poscible
te infer unknown segments of the route structure from multiple track
histories of targets which traverse the unknown segments.

é The next section presents some brief analyses which will indi-
; ~cate the potential benefits of route correlation techniques.

4 2. Analysis

In the preceding analyses of track establishment processing,
the scan-to-scan correlation process was considered in absence of any
prior knowledge as to most likely locations or directions of movement
3 of targets. Accordingly, the correlation window dimensioas were
E‘I dictated by the requirement to accommodate targets that might be lo-
cated at any point in the region under surveillance, and which might
move in any direction. However, in order to establish a bound on the
false scan-to-scan correlation probability, it was necessary to set
an upper bound on the rate of movement of the target. For a scan
3 rate of 90 seconds and a sensor resolution cell 100 feet by 500 feet,
; a target moving at a maximum speed of 5.56 ft/sec traverses a maximum
distance of about 500 feet from scan to scan. Without route corce-

i lation, the correlation window for tentative-track declaration must

. “ . [ J
3 Breaks in the sequences may occur in masked regions.
i 98
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contain 32 resolution cells* fo accommodate all possible directions
of movement. For a single-scan probability of false alarm per res-
olution cell of C.0l, the probability that a false alarm on one scan
is falsely correlated (resulting in tentative track declaration) on
the next scan is 0.275. Following tentative-track declaration, the
correlation window is reduced to 9 cells, and the false-correlation
probability is 0.0865.

For the sake of discussion, it will now be assumed that the
target is known to move on a route which traverses the resolution
cells as shown in Fig. 3. Given that an apparent tavget is initially
detected in the cell marked I in Fig. 3, three options are available.
If the direction of motion of the traffic along the route is not kncwn,
32 c2lls can be arranged as shown by the shaded area in Fig. 3. Under
these ~onditions, a target will fall in the tentative track declara-
tion window if it is moving in either direction along the route with
a speed less than 13.4 ft/sec (9 mph), or more than double that
achievable without map correlation. If only those targets moving in
a specified direction are of interest, the speed range can be doubled
again. These options will yield the same scan-to-scan false-correlation

probabilities as were obtained with the 32-cell window originally.

Alternatively, if the target moves no faster than 5.56 ft/sec,
the correlation window for tentative-track declaration can be reduced
to 18 cells, as shown by the cross-hatched area in Fig. 3. At a single=-
scan false-alarm probability of 0.01, the tentative-track-declaration,
false-correlation probability would be reduced to 0.1655, reducing the
processor burden and false-track-establishment rate by at least 40 per-
cent. Again, if there is a preferred direction of target motion along
the route, the number of cells in the tentative-track-declaration cor-
relation window can be reduced to 9 (as is employed in the track-
establishment window without map correlation), for a false-correlation
probability of 0.0865.

=
The center cell of the 3xll-cell window is deleted because of
the fixed-target-removal feature.
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FIGURE 3. Tentative-Track-Declaration Correlation Windows With Map Correlation

Similar benefits result from the use of map correlation on ten-
tative tracks; in some instances, it may be possible to reduce the
correlation window to 6 or even 3 cells. The result of such a reduc-
tion would be a dramatic reduction in the false~track-establishment
rate., For a 6-cell window, the probability of false correlation after
a false tentative-track declaration is 0.0585, for a single-cell false-
alarm probability of 0.01. Because the false-track-establishment cate
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varies as the fourth (or higher) power of the false-correlation prob-
ability, the reductions indicated would yield at least an‘eightfold
reduction in the false-track-establishment rate. (Alternatively,

the false-track-establishment rate can be maintained at a higher
single-cell false-alarm probability, e.g., 0.015 in the preceding
examples,) These discussions do not take into account the task of
processing apparent target detections which do not correspond to
known routes. If all or a very large fraction of targets do move

~ along known routes, then this form of map correlation may be of

great benefit. Conversely, such map correlation cculd seriously
degrade the performance of the track-establishment process if targets

are likely to depart from routes they are expected to follow.

C. MIXED TARGET TYPES o

1. Consequences for Tentative-Track Declaration

The preceding discussions have dealt with the problems of estab-
lishing tracks on targets which exhibit a minimum detectable rate of
motion and are bounded by some constraint with respect to maximum
speed. The specification of a minimum rate of motion, it will be
recalled, interacts with the task of fixed-target removal. In order
to be established as a track, the target must move at least one reso-
lution cell during the time employed for fixed-target removal: one
scan period in the simplest instance., This suggests that the scan
period be tailored to the minimum detectable target speed. Whether
or not this is done, the maximum target speed establishes the minimum
size of the initial correlation window, to ensure that the target is
not lost (insofar as track establishment is concerned) by escaping
from the correlation window before the next scan.

These remarks are true in a qualitative sense regardless of the
type of target being tracked. In the examples used, a target moving
with a minimum speed of 1.5 feet per second (say) is certain to move

from one 1ll-foot resolution cell to another over a scan period of
90 seconds, and therefore would not be rejected by the fixed-target-
removal algorithm except by accidental occurrences of false alarms.
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(This last coritingency is of negligible likelihood for false-alarm
rates of a few percent or less.) Conversely, if the target is con-
strained to a maximum speed of 5.5 feet per second, then an initial
correlation window which extends at least 500 Seet in each direction
from the cell containing the initial detection will ensure that the.
target is certain to be in the correlation window on the next scan.
Against targets moving with speeds between 10 and 36 mph, the scan
period could (in principle) be reduced to 9 seconds, and the same

considerations would pertain.

The problem of mixed target types arises when one target class
determines the minimum scan rate, but another class determines the
minimum size of the initial correlation window, Combining the two .
previous examples, the slower targets would set the minimum scan
period at (say) 90 seconds. An initial correlation window which was
sufficiently large to ensure the inclusion of a vehicular target on

the scan following the initial detection would require minimum linear

dimensions ten times as great as those required for detecting slow
targets alone. The consequence of this would be a drastic increase
in the probability of a false correlation of a false alarm.

As a concrete example, the 32-cell initial correlation window

assumed in the analyses is increased to 1994 cells. (From 3 x 11
3 (500 feet-by-100 feet) cells to 21 x 95 cells; in each instance, the
: central cell is deleted by the fixed-target rejection criterion.)
The probability of a false initial correlation of a false alarm is

given by

N

1
FD)

Pl =1-(1L-P

where Ny is the number of resolution cells in the initial correlation
window, and PPD is the probability of a false detection in a resolu-
tion cell on a single scan. It is easily seen that a value of PFD
which is tolerable for Nl = 32 is ridiculecus for N1 = 1994, At

PFD = 0.01, Ny yields a false initial correlation probabilitv of about

0427, With N, = 1994, Pppy = 0.01 yields not only virtually certain
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false correlation, but the expected number of false detections in the
correlation window is about 20. This means that each false detection
would lead, on the average, to 20 false tentative tracks, hardly a
stable situation from the processor standpoint.

In the example just given, the speed ratio between the two classes
of targets was ten to one. The preblem is clearlw aggravated still
further if this ratio is larger, which will be the case if more rapidly
moving target types are included in the system surveiliance require-

ments.

One way of offsetting the consequences of a large initial corre-
lation window would be to reduce the false-detection probability. In
principle, this can be accomplished in a moving-target-detection ra-
dar by means cf a dual-channel or multi-charel signal processing
scheme. Detections obtecined from the processing channel which is
associated with the lower speed target class are used cnly in con-
junction with the initial correlation window needed for that class.

In the processing channel associated with the higher speed target
classes, the minimum detectable rate of motion is increased to provide
improved reijection of fixed-target returns and tc reduce tne false-
alarm rate accruing from a variety of sources. However, it should be
noted that to obtain equivalent tentative-track declaration statistics

at i, = 1924 as were obtained with N, = 32, a 60-fold reduction in

1
the false-detection rate must be achieved in the high-speed processing
channel output. While substantial reduction may be realizable, such

a large reduction may be out of the question.

A considerable benefit results under certain concitions if the
sensor renorts include a speed estimate for the target that has been
dececced, and if the scan rate is sufficiently high. The latter
condition amounts to saying that the target motion is Merkovian, in
the sense that the target position on one scan is highly correlated
with the target position that would have heen estimated on the basis
of the position and velocity observed on the previous scan. Even if

the sensor only estimates the magnitude of one component of the apparent
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target velocity, the number of cells in the ‘initiai correlation win-

dow can be drastically reduced.

Extending the preceding example, suppcse that th~ sensor is able
to estimate the magnitude of the rate at which vehicular targets tra-
verse the 109-footr resolution cells with an error which does not
exceed 1.5 mph. Thus, a target detection accompanied by a rate mag-
nitude estimate of 22.5 mph has an actual rate of traverse whose
magnitude falls between 21 and 24 mph. Under these conditions, the
initisl ccorrelation window can be collapsed to include only those
cells which correspond to movements within the prescribed limits.
The number of cells in the initial correlation window falls to Nl =
210. This reduction, of course, presumes that the vehicular targets

maintain nearly constant rates from scan to scan.

A somewhat more recondite approach involves a substantial increase
in the sensor scan rate, the most obvious consequence of which is to
reduce the size of the initial correlaticr window for the high-speed
target-track-establishment process. A second benefit may be to improva
the degree t: -hich the target motion from scan to scan exhilits the
desired Markuv rroperty. Increasing the scan rate fivefold in the
preceding example would immediately reduce the size of the initial
correlation window for the vehicular targets from Nl = 1994 to Nl = 44,

The capability for tracking personnel targets can (in principle)
be retained by using every fifth scan for this purpo:c .. It then follows
that fixed-varget-removal processing must also be based on every fifth

SCAan.

This does not mean that only one-fifth of the scans are employec
for personnel tracking and fixed-target removal, but that the scans
whizh are associated for this purpose are equivalent (modulo 5). Thus,
‘'scans 1, 6, 11, ..., 5n + 1 can be processed as one set, in parallel
with scans 2, 7, 12, ..., 5n + 2 as a second set; with scans 3, 8, 12,
sesy 5n + 3 as 3 third set; and so ocn. This means that a personnel
target may (and is likely to) appear as a track in more than one set.
While the necessary process of set-to .2t association has not been

s A O PEERY O RN e
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examined in detail, it is clear that a basis exists for both improv-
ing the probability of track establishment on real targets ancd for
suppressing false tracks. This is perhaps to be expected because

the immediate consequence uf increasing the scan rate to deal with
vehicular targats was tc incceease the number of detection opportunities
for personnel targets.

To summarize, a requirement to establish tracks concurrently on
a variety of target types which collectively exhibit a wide range of
speeds introduces essential complications from the standpoint of
tentative track declaration. To some extent, it may be possible to
transfer some of the burden to the input sensor, 2ither by requiring
lower false-alarm rates for target classes requiring large initial
correlation windows, or by taking advantage of single-scan target-
speed estimates that may be available. In any event, a sequence of
interleaved processing stages for slow targets cz2n permit the use of
higher scan rates which will obviate the limitaticns for tracking
faster targets.

2. Track Establishment and Trecking Implications

After tentative track declaration, the requirement to process
mixed target types no longer presents the essential difficulties dis-
cussed above. The locations of subsequent correlation windows are
predicted on the basis of two detections in different resolution cells,
and the differences in target speeds are automatically taken into
account. Some secondary effects should be mentioned, however; these
arise when the scar.ing rate is constrained by the slowly moving tar-
get class, so that the separation between detections of rapidly moving
targets is large compared to the dimensions of the subsequent correla-
tion windows.

When the dimensions of the correlation windows used in track
establishment are comparable to the distance traversed by a typical
target from one scan to the next, the track establishment process per-
mits a reasonable degree of variability in the target speed and its
direction. Greater tolerance of such a variability requires larger
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subsequent correlation windows. This tolerance of variability carries

the penalty of higher false automatically established track rates, A ;
which is offset to some extent by the fact that some false tracks A =
will exhibit a meandering characteristic and can be rejected by an : _ﬂg
operator on this bacis. _ o

Conversely, if the track-establishment process must deal with
targets which typically traverse great distances (conpared to the
dimensions of the correlation window) from scan to scan, then little
variability in the target velocity can be tolerated, and most of the
false tracks will not exhibit a distinctive meandering characteristic.

In the case of personnel targets, use of a 9-cell subsequent
correlation window ensures that the track will not be dropped because
the target appears outside the correlation window if its speed changes

by less than about 20 percént and its direction changes by less than

about 40 decreec from scan to scan. In the case of vehicular targets,

vhich can easily move through 20 resolution cells from scan to scan,

on.y a 5 percent spe~d variation can be tolerated.
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APPENDIX A

COMPUTATIONAL TECHNIQUES FOR OBTAINING
ANALYTICARL RESULTS

- ' The derivation of formulas for the probability of track estab-

- lishment and the false-track establishment rate is quite laborious
when the number of scans employed is not small (ST 2 6)., In this
study, a technique was developed which employs a computer to derive,
in effect, these foirmulas.

Specifically, consider the task of deriving the probability of
establishing track on a target which is in view for S scans, given
the parameters of the track-establishment process: Ql’ Qs Q, and G
The possible sequences of detections and misses for the target can be
placed into one-to-one correspeondence with the binary numbers from

ST 0 to 2° - 1. Thus, for the binary number A1A2 ees Rg, let A be
- equal to 1 if the target was detected on the mth scan, and let A = 0
v if the target was missed on that scan. The set of numbers {AlAQ...AS}

then includes all possible hit-miss sequences in S scans, ranging from

000 ... 00 (no detections) to 111 ... 11 (no misses). The probability
H .S-H

of occurrence of a sequence A1A2 ‘e AS is just PD QD where H is
], the number of ones (hits) and Qp = 1- PD.
¥ In general, the probability of track establishment in S scans
can be written®
S
v _ H _S-H _
Pe= 2 %P (a-1)
8 H=H_.
min
%

This is not the only form for Ppp, of course, but it is the
most convenient representation for this method.

Preceding pagecblank




T YT R e TR T R I T TR TN T T e T e e SRR T T N SR O STV I T Y I T A

where Hmin is the minimum number of hits required to establish track
(a simple function of QO and Q*),and the coefficients a, are to be

determined.

H

In its simplest form, the computational technique involves the
listing of the 25 binary numbers. Each number is then analyzed
according to the track-establishment algorithm to determine whether
the sequence of hits and misses permitted track establishment. is
19 A2, ...,AS in turn.
Tentative track declaration occurs the first time a run of two ones

is accomplished by scanning the binary digits A

is encountered;then Q is set equal to Qi’ Subsequent ones cause Q
to be increased by Q+,and subsequent zeros cause Q to be decreased
by q_. If Q drops to zero or below, it is set equal to zero, and the
tentative track declaration criteria must then be fulfilled anew if
track establishment is to occur. If Q reaches or exceeds Qs then
the value of ay (initially set at zero) is increased by 1, where H
is the number of ones in the binary number.

When all of the binary numbers have been disposed of in this
manner, the numbers 3 represent the number of ways that the track can
be established given H hits, which is just what is needed for the re-
presentation of Eq. ( A -1).

A similar procedure is employed for obtaining the false-track-
establishment rate, with the following differences. TFirst, the
false-track-establishment rate is written in the form

Rppg = Rpprp  BCTE |TTD) (A-2)
where RFTTD is the rate of false tentative track declarations, and
P (TE|TTN) is the probability that track establishment occurs (without

Q dropping to zero or below), given tentative track declaration. For
the purposes of this study,

N P\ P
R.. = FD) T2

FITD T | T+ (A-3)

2
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where N is the total number of resolution cells per scan, T is the

scan period,-and P? is the probability of at least one false detection
in the initial correlation window.

The probability P(TE|TTD) can be written in the form

S-2

P(TE |TTD) = :Z: b, ) Q" (8-4)
H*Hnin

where Q, = 1 - P,, H;in is the minimum number of hits (usually H .
- 2) required to establish track following tentative track declaratiocn

. and bH are coefficients which will be determined by the computer.
t

The procedure for determining the bH involves listing the (S-2)-
{ digit binary numbers AlAQ cee AS—Q’ and analyzing them to determine
whether Q, initialized at Ql’ reaches QO without first dropping to
’ zero or below. The values of the coefficients bH are initially set
‘ at zero, and bH is increased by unity if the binary number (contain-
ing H ones) meets the criteria just cited. Doing this for all of the
252 binary numbers yields the values of b, for use in Eq. (A-4).

Combining Eqs. (A-3) and (&-4) then gives RPTE’ as given by Eq. (BA-2).

e s

These techniques can be generalized to permit analysis cf sit-
uations in which the probability of obtaining a hit changes from scan
to scan, by computing the probability of each binary number in the
list. For such cases, however, it is usually not possible to obtain
the compact representations -of Eqs. (A-1l) and (A-4).

SRRty mﬂ"«‘r. F 54
-

Table A-1 presents the results of the computations for S = 6,
Q+ = 4, Qi = 3 in the format employed in the text. The upper set of
coefficients are the values of bH (with the index H replaced by n) for
the polynomial P(TE‘TTD). Thus, for Q, = 10,

_ 2 2 3 4 ]
P(TE|TTD) = 3 P, (L~ P))° + 4P, (1~ P)) + P, (A-5)

R —— S e S e B

if Q =4, Q; = 3.
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The lower set of coefficients are the values of ay (again with the
index H replaced by n) for the polynomial PTE‘ Again, for QO = 10,
Q, =4, Q =3,

6

_ 4 2 S _
PTE —.7 PD (1 - PD) + 6 P2 (1 - P2) + P2 (A-6)

; \ TABLE A-1. POLYNOMIAL COEFFICIENTS FOR Q+ = 4, 6 SCANS

Q [n=1 2 3 4 5 6
5 3 6 4 1
6 2 6 4 1
7 1 6 4 1
9 0 6 4 1
- 10 3 4 1
: 11 1 4 1
'3 14 4 1
b
15 1 1
‘ 19 0 1
5 0 0 9 14 6 1
6 7 14 € 1
7 4 13 6 1
9 0 10 6 1
: 10 7 6 1
11 6 1
: 14 5 1
; 15 2 1
f 19 0 1

114




By

!
b

APPENDIX B
PAYOFF EXPECTATION UNDER RESOURCE CONSTRAINTS

A. DEFINITIONS AND ASSUMPTIONS

Let n denote the actual number of false tracks established during
an epoch of duration TE' It is assumed that n is a random variable
governed by the Poisson distribution with parameter NF = RPTE TE'
Thus, the probability of exactly n false established tracks during

an epoch is

. - n » - ] "Ro
P (nj Np) = Np exp (-Nj)/n! (B-1)
Let m denote th= actual number of real targets appearing in the
surveillance domain diring an epoch. It is assumed that m is a ran-
dom variable governed by the Poisson distribution with parameter NR.

The probability of exactly m real targets during an epoch is

P (m; Np) = Np exp (-N;)/m! (B-2)

Let k denote the actual number of real-target tracks establishcd
during an epoch. It is assumed that track establishment on a real
target is statistically independent of whether tracks were established
on other real targets, and whether false tracks have been established.
Under this assumption, the conditional probability distribution of k
is binomial; the probability of exactly k real-target established
tracks, given m real targets is

_ m m-k
B (k; m, Py) -(R)P].;E (1 - Pyp) (B-3)
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The activity during an epoch will be described by the triplet
(n, my k). In the absence of resource constraints, the net payoff,

given (n, m, k) is assumed to be given by
] W (n,m, k) =k (G+ Q- G)-nG (B-4)

The meanings of G, Cy, and Cg are discussed in the test. The
effect of the resource constraint is to limit the number of resources

L o P e

that can be committed during an epoch. The number of resources
comnitted is n + k forn+ k <M, and M “f n + k 2 M.

Lt e 1 s

| B. ANALYSIS

The net payoff, for given (n, m, k) and with n + k =M, is given
by Eq. (B-4) and is independent of the order of occurrence. The case

n+ k 2M will now be considered.

Suppose that there are j real-target established tracks among
the first M established tracks. Then the net payoff is

AV = § (G + o) - M G (B-5)

The statistical homogeneity assumption stated in the taxt means that,
given n and k, all sequences of false and real-target established
tracks are equally likely. The probability that there are exactly

j real-target established tracks among the first M is then given
(see Ref. 4) by the hypergeometric distribution:

M n+k-M
J k -3
H (330, k, M) = (n ¥ (B-6)
k )

The quantity of irterest is the expectation of j; it is shown in Ref. 4
that

M .
E j H (33 n, kg M) = Mk/(n + k) (B-7)

3=l
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4 If Eqs. (B-4), (B-5) and (B-7) are combined, there is obtained:

; k (G + CM) - (n+ k) CR n+ksM
. &NV (n, m, k) = (B-8)
b Mk (G+ C,) - M n+kza2M

3 where AV has now been averaged over all sequences of n false estab-

- lished tracks and k real-target tracks.

; The next step is to calculate the expectation of AV, averaging

i: over n and k. It is not hard to show, from Eqs. (B-2) and (B-3),

? that the unconditional probability distribution of k is the Poisson

; distribution with parameter NR PTE' That is, the probability of

exactly k real-target established tracks during an epoch is given ’

: by

, _ k \ i
P (k3 Ng Pe) = (Np Prp)” exp (=Np Bpo)/Kk! (B-9)
gl The expected net payoff is then to be calculated:

; ® @

)

5 W=VM+CO=ZZAV(n,m,k)P(k;NRPTE)P(n3Np)

4 n=0 k=0 (B-10)
1 Using Eq. (B-8) in Eq. (B-10) yields

- Vy + C, = (8- Cy) g (Ng Py Npy M) = Cp £ (N P, Np, M)

\ ) <B-ll)
3 where '

; |

_ g (NR PTE’ NP’ M) =ZZ k P (ks NR PTE) P (n; Np)

B n+k M

3 (B-12)
E DI L EXCTE MR NP

| TK 7 'R CTE *F

. n+k M
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and o
A £ (Ng Pog, Np, M) =D 090 (n+ k) P (k5 Np Pr) P (nj W)
n+k=M
1 | (B-13)
+ M D7 P (k; Np Pop) P (05 Np) :1
- n+k>M

Eq. (B-13) can be rewritten, using Eqs. (B-1) and (B-9):

M m m-n .n
(N, P..) N
- . VYR g F ‘
£ (Ng Ppp, Np M) = }: Z m YT exp ['(NR P + NF)]
: m=M+1 n=o
(B-14)
© m n-n . n
(N, Prs) N
R "TE F .
DD oDy T ol exp [“(NR Prg + NF)]
m=M+1 n=o -3
4:
M m l
— m m! _ m-n
= exp [‘(NR Pop + Np)] 2w Y mrmemyr (g P NG
m=1 n=o 3
(B-15) 4
® " m-n .n |
+ 2 = Z T RO F
m=M+1 n=o
3
The sums over n can be evaluated by invoking the binomial theorem. :
Doing this gives 3
M m |
!‘ (NR PTE + NF) '."
£ (Ng Ppgs Nps M) = exp -(Np Prg + Np)] 2 — o
m= 3
(B-16)
® m é
(Ng Pop + NF)
+M 2 m!

m=M+1

o e
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It is therefore seen that f (Ng Ppp, Np, M) is a function of M and

Operating on g (NP Prs NP’ M) iA the same manner yields
g (Ng Prp, Np, M) = exp [-(NR Prg + M) 1 x
N M m
s m m! m-n
. Zﬁ'fzn =T Np (N Prp)
m=1 n=o
.e ® "
. M m! n N m-n
+ Z m7 ni(m-ny! NF (NR PTE)
.- m=M+1 n=o :
.- ‘ (B-17)
S M m
: 1 m! n m-n
’Emz D ety Ve (R PTE) )
3 m-1 n=o

- The ‘first two sums over n .can again be evaluated by means of the
) binomial theorem. The seccnd pair of sums can be evaluated by means
of an immediate consequence of the binomial theorem:

m
ma (a + b)m'l = z: N KTy T mrr,a-n at p™ (B-18)

n=1
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The result is that

g (Np P, Np, M) = exp L-(Np Py + Np)Jx

¥on b+ N)T ® (N B + N)"
T R TE__F 1Y TE_F (B-19)
1)1 mT -
m=1 m=M+1
M @
m m-1 M m=-1
-2 w1 Np (N P + N - 37 w1 Np (N Ppp + Np)
m=1 : m=M+1
or
i .
g (Ny Por, Np, M) = exp (N P +NP)] ! - T x
. R Tt * ¥p
{B-20)
M m @ m
, -
Z (Np Pyp + N3) . z (Ng B + Np)
GO ol
m=1 m=M+1
or, finally,
Np Pog
- § (g Prgs Npo M) =| g T W | (R P N 1) (B-21)

The original proof of this result was obtained by Dr. Ronald Finkler.

It is convenient to define

M-1 ® ,
£y O =™ | 3 x™mt+ M 3 x™/(m + 1)1 (B-22)
m=o m=M
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£ = -23)
(Ng Poo, Np, M) = (Np P+ Np) £ (Mg Pop + Np) (B-23)

g (N Ppe, g, M) = Np P £y (Np Pro + Np) (B-24)

when Egs. {B-23) and (B-24) are inserted into Eq. (B-10), there is
obtained

VM + Co = fM (NR PTE + NP) Np PTB (G + CM - CR) - NP CR (B-25)

which is the result cited in the text.
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APPENDIX C

GLOSSARY OF SYMBOLS

TRV

Symbol Meaning Representative Values
N " Total number of resolution 105 - 106

cells examined by the sensor
in one scan

Probability of obtaining a 0.001 - 3.05
false detection from a given
resolution cell on one scan

FD

3
T A TETIN: T e

+

Time to complete one scan 10 - 120 sec.

P Protability of detecting a 0.7 - 0.9
given real target on one scan

N Number cf resolution cells in 32
the initial correlation window

PRI | 7 Il P VR ATy LIy P TP P

Number of resolution cells in 9
the correlation window for
tentative tracks

Q Quality number assigned to an -—
apparent target or tentative
track during track-establishment
processing . i

Q_l Initial value of Q assigngd o 1
an apparent target detection
which falls outside of all ex-
isting correlation windows

Q+ The amount by which Q is increased 1-6
when a detection occurs within the
correlation window on the next scan

Q The amount by which Q is decreased 1 -3
when no detection occurs within the
correlation window on the next scan
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FT

FD
FTTD

Rerg

Prg

P(TE | TID)

Value of Q required for tentative-

- frack declaration

Value of Q required for established-
track declaration

Total number of scans used for track
establishment

Probability of at least one false
detection in the initial correla-
tion window

Probability of at least one false
detection in the correlation win-
dow for tentative tracks

Fraction of false detections ob-
tained during one scan which fall
outside of all existing correlation
windows

Average number of false detections
per scan which give rise to false-
tentative-track declarations

Average false-detection rate

Average rate of false-tentative-
track declarations

Average false-track-establishment
rate

Probability of track establishment
for a real target

Probability of false-track-establish-
ment, given false-tentative-track
declaration

Expected number of false established
tracks per epoch

Expected number of real targets per
epoch

Duration of an epoch
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3Q
3Q + GQ*
6 - 18

0.03 - 0.5

0.01 - 0.2

0.7 - 1.0

30 - 2000

5 - 2500/se

1 - 500/sec

c

1/min - 1/day

+85

2 « 24 hr
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E L - G Incremental payoff for committing a -—-
. resource against a real target
£ L, Cy Incremental cost for not committing -
E | a resource against a real target
3 R Cost of a resource “ eem
AN M Maximum number of resources that can A _— # i
- be committed during an epoch %
e - . M
3 VM Expected value of resource commitment, - Lt
1 per epoch, given a constraint of M '%
3 resources per epoch ; §
i { N
E Vo Expected value of resource commitment, - ;.:g
= per epoch, with no constraint on : 3
A resources 3
E c, Expected cost, given no resource
E commitment
3 Prrn Probability that a source of fixed target g
E detections is detected on a single 0.5 - 1.0 4
scan 3
- § 3
“G
k| n n! !
2 T inomi icient: --- '
3 . Binomial coefficient S IGEDM
|
4
g ;
i
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